AD  609051 


AFAn-Tt-M-135 


HIGH  TEMPERATURE 
THERMOELECTRIC  RESEARCH 


COPY 

OF 

HARD  CODY 
MICROFICHE 

$.  ;• 

$.  / 

TfCHNKAL  Ri^OtT  NO-  AFAPI-TR-64-TJ5 
IS  DfCiMMR  1944 


AIR  FORCE  AERO  FROfUlSION  LAiOIATOf  f 
RESEARCH  AND  TECHNOLOGY  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
WRIOHT-FATTERSON  AIR  FORCE  RASE,  OHIO 


Project  No.  8173.  Taalc  No.  817332-9 


(Prepa’-’ed  under  Contract  No.  AP  33(615) -1084  by  Monsanto  Research 
Corporation,  Dayton,  Ohio;  C.  M.  Henderson,  F.,  0.  Ault,  E.  R. 
Beaver,  D.  H.  Harris,  W.  H.  Hedley,  R.  J.  J*;nowleclcl,  Authors) 


Best 

Available 

Copy 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are 
used  for  any  purpose  other  than  in  connection  with  a  definitely 
related  Government  procurement  operation,  the  United  States 
Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoeverj  and  the  fact  that  the  Government  may  have  formulated, 
furnished,  or  in  any  way  supplied  the  said  drawings,  specifica¬ 
tions,  or  ot’.ier  data,  is  not  to  be  re^^arded  by  implication  or 
otherwise  as  in  arty  manner  licensing  the  holder  or  any  other 
person  or  corpora tion>  or  conveying  any  rights  or  permission 
to  manufacture,  use,  or  sell  any  patented  invention  that  may 
in  any  way  be  related  thereto . 


Qualified  requesters  may  obtain  copies  of  this  report  from 
the  Defense  Documentation  Center  (DDC),  (formerly  ASTIA)>  Cameron 
Station,,  EMg-  5#  5010  Duke  Street,  Alexandria  4,  Virginia. 


This  report  has  been  released  to  the  Office  of  Technical 
Services,  U.  s.  Department  of  Commerce,  Washington  25,  D.  C. , 
for  sale  to  the  general  public. 


Copies  of  this  report  should  not  be  returned  to  the 
Aeronautical  Systems  Division  unless  return  is  required  by 
security  considerations,  contractual  obligations,  or  notice 
pn  a  specific  docxament. 


FOREV^ORD 


This  report  describes  work  performed  under  Contract  AP 
33(615)-1084,  Project  No.  8l73>  Task  No.  817302-9  during  the 
period  15  September  1963  through  30  October  1964.  The  contract  ^ 
concerns  development  of  high- temperature  thermoe3  -ctric  generators^ 
and  was  under  sponsorship  of  the  Plight  Vehicle  .ower  Branch, 

AP  Aero  Propulsion  Laboratory,  Research  and  Technology  .Division, 
Wright- Patterson  Air  Force  Base,  Ohio.  For  the  Air  Force,  Mr. 
Charles  Glassburn  served  as  project  engineer  until  May  1964  and 
was  then  succeeded  by  Captain  R.  B.  Morrow,  Jr. 

Work  on  the  contract  has  been  conducted  at  the  Dayton 
Laboratory  of  Monsanto  Research  Corporation,  with  C.  M. 

Henderson  as  project  leader.  Working  with  him  were  R.  G.  Ault, 

E.  R.  Beaver,  D.  H.  Harris,  W.  H.  Hedley,  H.  B.  Jankowsky, 

R.  vj.  Janowiecki  and  L.  J.  Reitsma.  Technical  assistance  was 
provided  by  R.  R.  Hawley,  R.  Hedges,  D.  Reinhardt,  V.  Ruzlc, 

D.  Sevy,  D.  Sheppard  and  D.  Zanders. 

This  is  the  final  technical  report,  unclassified,  concluding 
the  work  on  contract  AP  33(615 )-1084. 


ABSTRACT 


Nominal  50-'watt(e)  and  15-watt(e)  laboratory  model  generators 
were  designed,  fabricated  and  subjected  to  sustained  and  thermal 
cycling  tests  at  a  hot- junction  temperature  of  -'1200° C,  and  cold 
junctions  of /-570°C  in  a  vacuum  of  10"5  -  10~^  torr.  Both 
generators,  constructed  of  solid-state,  bonded,  segmented,  p- 
and  n-type  thermoelements  shoiv'ed  good  resistance  to  degradation 
under  these  conditions.  The  50-watt (e)  generator  completed 
a/1200  hours  of  operation  without  degradation  of  its  power  output. 
The  output  of  the  15-watt (e)  model,  after  2100  hours  without 
degradation,  decreased  by  9%  during  an  additional  l400  hours  of 
sustained  testing  and  a  further  264  hours  of  thermal  cycling 
tests.  Degradation  of  tlie  15-watt (e )  model  appears  to  have  re¬ 
sulted  largely  from  deterioration  of  the  electrical  resistance 
of  the  ceramic  insulation  used  to  reduce  its  thermal  shunt  losses. 

Improvements  in  the  properties  of  thermoelectric  materials 
and  interface  bonding  techniques  for  thermoelements  v;ere  achieved 
to  yield  p-n  couples  with  17^  higher  performance,  relative  to 
1962-63  couples.  Various  techniques  were  investigated  for 
screening  p-  and  n-type  thermoelements  to  1200°C  in  a  vacuum. 
Fundamental  investigations  of  the  thermoelectric  materials  and 
studies  of  hot-pressing  and  arc-plasma  fabrication  techniques 
indicated  that  significant  further  improvements  in  the  performance 
of  high-temperature  thermoelements  can  be  achieved. 

Nuclear  reactor,  radioisotope,  and  solar-heated,  high- 
temperature,  thermoelectric,  space-powered  system  concepts  were 
proposed  and  preliminarily  investigated.  These  studies  showed 
that  high-temperature  (1200° C)  thermoelectric  space-type  power 
units,  ranging  in  size  from  a  few  watts  to  several  hundred  KW 
output,  can  be  designed  for  perfoimances  from  535  lbs./KW(e)  for 
a  solar-concentrating  type  sj'stera  to  15  lbs./Kl’/(e)  for  350  KW(e) 
or  larger  space  power  systems  utilizing  fast-reactor  heat  sources. 
High- temperature,  radioisotope-heated,  thermoelectric  space-type 
units,  of  optimized  design  concepts  and  fabricated  with  state-of- 
the-art  segmented  p-  and  n-type  thermoelements,  are  capable  of 
7-9*5  watt(e)/lb.  (100-140  lb./KV^{e))  performance,  including  the 
v/eight  of  the  encapsulated  isotope  heat  source. 


Publicatio.n  of  this  technical  documentary  report  does  not 
constitute  Air  Force  approval  of  the  report's  findings  or 
conclusions.  It  is  published  only  for  the  exchange  and 
stimulation  of  ideas. 
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INTRODUCTION 


A .  BACKGROUND 


This  ic  the  final  report  on  "High-Temperature  Thermoelectric 
Research,”  presented  under  contract  AF  33(615 )-1084,  covering  work 
accomplished  from  15  Oeptemher  I963  through  30  October  1964.  The 
overall  program  objective  v;as  to  conduct  applied  research  to 
establish  the  technical  feasibility  of  utilizing  hlgh-temperature 
thermoelectric  generators,  pov;ered  with  nuclear  or  solar  heat 
sources,  as  long-lived  power  units  for  aerospace  vehicles.  This 
effort  was  the  third  phase  of  a  program  initiated  In  I96I  under 
eontract  AF  33(657 )-7387. 

The  power  output  of  electric  power  generators  depends  on  the 
efficiency  of  the  energy  conversion  device  employed  and  on  the 
cuantlty  of  thermal  energy  v/hich  can  be  drawn  through  the  unit. 

Ac  electrical  power  requirements  Increase  for  a  given  system,  an 
Increase  In  the  themal  energy  transferred  through  the  conversion 
^nlt  becomes  necessary.  Although  generators  employed  in  space 
vehicles  can  be  conveniently  heated  by  nuclear  or  solar  heat,  ther¬ 
mal  radiation  Is  the  principal  means  of  rejecting  heat  to  accom¬ 
plish  thermal  etnergy  transfer  through  the  device.  The  quantity  of 
:hermal  energy  rejected  by  radiation  varies  with  the  fourth  pov/er 
of  the  temperature  of  the  radiating  surface;  consequently.  Increasing 
ohls  temperature  becomes  extremely  important.  It  Is  clear  that 
high  temperature  Is  the  key  to  Improved  perfomance  ^atts  (e)/lb. 
or  watts(e )/ft . 27  of  most  types  of  space  power  systems.  Including 
1::AP  (Systems  Nucleax-  Auxiliary  Power)  units.  Until  recently.  It 
appeared  that  the  hlgh-temperature  (1200®C)  capabilities  of  the 
thermoelectric  materials.  Investigated  under  this  contract,  exceeded 
tr.e  capabilities  of  the  available  heat  source. 

Recently,  a  nuclear  fast  reactor  capable  of  core  temperatures 
of  l600°C  vilth .reflector  temperatures  to  1200®C  was  displayed  by 
the  Russians (1),  v/ho  were  apparently  not  In  a  position  to  utilize 
fully  the  hlgh-temperature  capabilities  of  their  reactor,  since 
they  employed  slllcon-germanlum  thermoelectric  materials  capable 
of  only  900°C.  Additionally,  encapsulated  Isotope  heat  sources 
:;apable  of  providing  hot- Junction  temperatures  In  excess  of  1200“C 
are  technically  feasible. 

During  the  first  phase  (I96I-62)  of  the  program,  a  laboratory- 
type,  hlgh-temperature  generator  was  built  and  preliminarily  tested. 


Manuscript  released  by  authors  30  October  1964  for  publication  as 
a  RTD  Technical  Report. 
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The  unit  contained  1/2-inch  diameter  thermoelements  of  MCC  50, 
a  p-type  material  originated  by  Monsanto  Company  and  designed  for 
use  at  1200°C.  The  thermoelectric  properties  of  MCC  50  remained 
relatively  constant  during  a  100-hr.  test  at  a  hot-junction  tem¬ 
perature  of  1200'’C,  and  the  unit  satisfactorily  tolerated  more  than 
100  thermal  cycles  between  200°C  and  1200°C.  Sublimation  losses 
for  MCC  50  at  1200°C  in  a  vacuiim  of  10~5  torr  v;ere  less  than  1^ 
in  a  1000-hr.  test  period.  It  was  indicated  by  Monsanto  Research 
Corporation’s  thermoelement-nradule  concepts  used  in  the  laboratory 
model  generator,  together  with  the  low  specific  v/eight  of  MCC  50, 
that  space- type  generators  capable  of  appreciably  exceeding  2-3 
watt(e)/lb.  power  output  could  be  fabricated. 

During  che  second  phase  (1962-63)  of  the  program,  the  nominal 
5-watt (e)  laboratory  model  generator  survived  a  2556-hr.  sustained 
performance  test  in  a  vacuum  of  '^'10"^  torr,  at  a  hot- junction 
temperature  of  — 1200® C  and  a  cold- junction  radiator  temperature 
of  — 720'’C  v;lth  no  degradation  in  thermoelectric  properties. 

Specific  perfoiroanc''  of  this  device,  employing  only  p-type  MCC  50 
thermoelements,  wa-  2.75  v/att(e)/lb.  /36h  lb./KW(e^7* 

Monsanto  Company  made  available  to  Monsanto  Research  Corpora¬ 
tion  other  original  p-  and  n-type  thermoelectric  materials  in 
order  to  further  increase  the  performance  of  space -type  generators. 
These  materials,  knovm  to  exhibit  low  sublimation  losses  in  vacuum, 
v/ere  characterized  by  property  measurements  at  elevated  temperatures. 
At  the  end  of  the  second  phase  of  the  program,  these  thermoelectric 
materials  were  utilized,  as  shown  below,  in  preparing  segmented 
thermoelements  for  use  in  a  nominal  50-watt (e)  advanced  laboratory 
model  generator. 


Polarity  of 

Hot- 

End  Segment 

Cold-End  Segment 

Segmented 
Thermo  e 1 emen t 

Material 

tJseful  Temp. 
Range 

Useful  Temp 
Material  Range 

p-type 

MCC  50 

850- 1200® C+ 

xMCC  40p  400-950® C 

n-type 

MCC  60 

850-1 200® C+ 

MCC  40n  400-950® C 

Design  and  fabrication  of  the  nominal  50-watt  generator  were 
completed  near  the  end  of  the  second  phase  of  the  program.  Solid- 
state,  bonded,  high- temperature,  multi-segmented  thermoelements 
(3/8-inch  diameter)  used  for  the  first  time  in  the  fabrication  of 
a  generator,  obviated  the  need  for  springs  or  other  mechanical 
devices  to  maintain  lov7-resistance  contacts  between  thermoelectric 
segments  and  electrical  and  thermal  leads.  Lightweight  central 
core  construction,  with  radiators  directly  bonded  to  the  segmented 
thermoelements,  and  high- temperature  capability  resulted  in  a 
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power  output  of  12.8  watt(e)/lb.  /JQ  lb./KW{e27^  exclusive  of 
heat  source  weight,  with  a  hot  Junction  temperature  of  1200 and 
a  cold- Junction  temperature  of  570 °C  in  a  vacuum  of  10~5  to  10“° 
corr.  After  266  hrs.  of  sustained  operation,  generator  perfor¬ 
mance  became  erratic,  and  inspection  of  the  unit  revealed  that  the 
safe  operating  temperatures  at  the  intermediate  Junctions  sites) 
of  the  n-type  thermoelements  had  been  exceeded  by  about  100 °C, 
causing  generator  failure. 

During  the  third  and  ouirent  phase  of  the  program,  the  damaged 
50-watt(e ;  generator  was  to  be  repaired  and  further  evaluated. 
Additionally,  an  improved  laboratory  model  generator  of  nominal 
15-watt(e)  output  was  to  be  designed,  fabricated  and  tested.  A 
test  facility,  similar  to  that  used  for  evaluating  the  advanced 
laboratory  mode]  generator,  was  to  be  designed,  fabricated,  tested 
and  delivered  to  the  Air  Force  for  evaluation  of  generators  and 
components  under  simulated  space  conditions.  Research  was  to 
continue  on  Junction  forming  by  hot-pressing,  production  of  thermo¬ 
elements  by  arc-plasma  spraying,  and  fundam.ental  studies  directed 
toward  correlating  microstructure  characteristics  with  thermo¬ 
electric  properties  of  thermoelements.  Finally,  a  preliminary 
Investigation  was  to  be  made  of  advanced  systems  concepts  in¬ 
volving  the  use  of  radioisotope  solar  and  nuclear  heat  sources 
in  auxiliary  power  systems  for  space. 


II .  SUMMARY 


A .  RESULTS 


This  multiphase  project  was  concerned  with  the  design, 
building  and  testing  of  two  laboratory  type  generators,  applied 
research  aimed  at  evaluating  and  improving  high-temperature  gen¬ 
erator  components,  and  a  preliminary  investigation  of  the  per¬ 
formance  of  several  system  concepts  using  nuclear  reactor,  radio¬ 
isotope  and  solar-type  heat  sources.  The  results  of  each  phase 
are  summarized  below. 


1.  Advanced  Laboratory  Model  Evaluation 

The  nominal  50-watt  generator  failed  after  270  hours  of 
operation  at  a  hot- junction  temperature  of  12Q0°C  and  a  cold- 
junction  temperature  of  570 "'C  and  10~5  to  10“^  torr.  Cause  of 
failure  was  traced  to  operation  of  its  n-type,  3/8  inch  diameter, 

I  segmented  thermoelemen,s  at'^OO^C  above  their  design  interface 

I  (Ti)  temperature  of  850°C.  The  generator  was  completely  dis- 

}  assembled  following  its  failure,  then  rebuilt  with  new  n-type 

j  thermoelements.  Also,  about  10%  of  the  p-type  thermoelements  were 

\  replaced.  The  repaired  generator  then  completed  1099  hours  of 

!  sustained  testing  with  its  hot  junction  at -^1200 °C,  its  cold 

I  junction  at^570°C  and  at  10“5  -  10“®  torr.  It  then  was  subjected 

I  to  105  thermal  cycles  ('^lOO-hrs.  further  testing),  without  de- 

!  gradation  of  its  power  output.  Pefform.ance  of  the  generator 

{  during  the  sustained  and  thermal  cycling  tests  ranged  from  10.4  to 

:  10.9  watt{e)/lb.,  with  a  short  uime  peak  of  11.8  watt(e)/lb.,  while 

its  thermal  efficiency  ranged  from  1,5^  to  1,8^.  Chief  problems 
encountered  were  maintenance  of  the  temperature  monitoring  thermo¬ 
couples  and  the  resistance  heat  source. 


2.  Lmproved  Experimental  Model  Evaluation  i 

Based  on  knowledge  gained  in  building  and  testing  the  50-watt (el- 
generator  and  in  developing  l/4-inch  diameter  segmented  thermo-  i 

elements,  a  nominal  13-15  watt(e)  generator  weighing  1.3  lbs.,  ex-  | 
elusive  of  heat  source,  was  designed,  fabricated,  and  tested  for  i 

3508  hours  (l46  days)  v;ith  its  hot  junction  at '^1200°C,  cold  I 

junction  at  575 °C  and  in  a  vacuum  of  10~5  -  10"8  torr.  Following  | 
the  sustained  performance  rest,  this  generator  was  subjected  to  | 

264  thermal  cycles,  under  simulated  space  conditions  in  which  peak  i' 
heating  and  cooling  rates  to  250®C/min.  were  reached.  The  power  f 

output  of  this  generator,  under  matched  load  conditions,  ranged  I 

from  12.4  to  17-3  watt(e),  corresponding  to  9-5  to  13.2  wait(e)/lb.  f 
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and  thermal  efficiencies  of  2.0,%  and  2.Q%,i  .pectively.  No  de¬ 
gradation  in  power  output  was  observed  during  the  first  2160  hours 
(90  days)  operation.  Performance  during  this  period  climbed  from 
10.6  to  13.2  watt(e)/lb.  Beyond  this  time,  power  output  dropped 
slowly  by  6%  from  2l60  hours  to  3508  hours,  and  by  an  additional 
y%  during  the  264  hours  required  for  thermal  cycling  tests.  Post¬ 
test  examinations  showed  that  the  electrical  resistance  of  the 
cei'amic  portion  of  the  thermal  insulation,  used  to  minimize 
thermal  shunt  losses,  had  depreciated  below  its  original  value  by 
a  factor  of  ~100.  A  single  broken  q-type  thermoelement  was  also 
found.  Chief  cause  of  degradation  of  this  generator,  therefore, 
appeared  to  be  failure  of  its  ceram:’c  insulation,  with  no  apparent 
damage  having  occurred  to  the  segmented  thermoelements.  As  with 
the  50-watt  (e)  generator,  considerable  difficulties  v/ere  encountered 
in  keeping  temperature- monitoring  thermocouples  and  the  electrical 
resistance  heater  operating. 


3.  Test  Facility 

A  versatile  facility  for  evaluating  thermoelements,  p-n 
couples,  and  thermoelectric  generators  \vas  designed,  fabricated, 
and  evaluated  for  the  Air  Force. 


4 .  Component  Research 


a.  Junction -Forming  Techniques  More  than  6OO  3/8- inch 
and  1/4 -inch  diameter,  segmented  thermoele.ments  were  fabricated  and 
evaluated  under  this  phase  of  the  contract  for  the  purpose  of 
evaluating  junction-forming  techniques,  in  repairing  the  5C-watt(e) 
generator  and  in  bu  Iding  the  experimental  model.  Considerable 
difficulties  were  er.countered ,  particularly  in  producing  1/4 -inch 
diameter,  p-  and  n-types,  segmented  thermoelements  needed  for  the 
experimental  model.  Dally  yields  of  usable  thermoelements  fre¬ 
quently  ran  as  lov?  as  10^.  Nevertheless,  the  mechanical  strength 
and  electrical  conductivity  of  interface  junctions  between  thermo¬ 
electric  material  segments  were  improved  by  15-20^  during  the 
past  12  months.  Electrical  resistance  measurements  of  segmented 
thermoelements  were  also  made,  and  the  base  of  icnowledge  concerned 
with  solving  junction -forming  problems  was  extended. 


b.  Arc-Plasma  and  Flame- Spraying  Studies  Although  efforts 
on  this  phase  of  the  project  were  limited,  due  to  extensive  flame- 
spraying  operations  required  for  repair  of  the  50-watt (e)  and 
experimental  .model  generators,  the  following  progress  was  made: 


-  Powder  particle  size  and  shape  characteristics  needed 
for  uniform  feeding  of  thermoelectric  and  Junction¬ 
bonding  powdered  materials  to  arc-plasma  and  flame¬ 
spraying  equipment  were  developed. 

-  It  was  determined  that  pre-reaction  and  conditioning 
of  thermoelectric  material  components,  prior  to  arc- 
plasma  spray  fabrication  and  post-spray  treatment, 
gave  better  thermoelectric  materials. 

-  It  was  learned  that  thermoelectric  compositions, 
optimum  for  hot-pressing,  must  be  modified  for  use 

In  the  arc-plasma  spray  fabrication  of  thermoelements. 

-  Segmented  p-  and  n-type  thermoelements  were  made  and 
tested  to '^1000-hrs . 

-  Promising  solid-state  microstructures  capable  of  useful, 
oriented,  and  Improved  (relative  to  the  properties  of 
hot-pressed  materials)  thermoelectric  properties  were 
made . 

-  The  possibility  of  substantially  lowering  the  cost  of 
producing  high  quality,  single  and  multiple  segment 
thermoelements,  and  In  producing  them  In  a  wide  variety 
of  geometries,  remains  technically  feasible  and  Is 
economically  quite  attractive. 

c.  Screening  and  Sustained  Performance  Testing  of  Materials 
This  phase  was  largely  concerned  with  the  difficult  problems  of 
making  useful  measurements  of  thermoelectric  properties  at  tem¬ 
peratures  to  1200 "C  In  a  vacuum.  Considerable  effort  was  devoted 
to  developing  a  method  for  measuring  Tj^  Junction  temperatures 
In  fragile  1/4 -Inch  diameter,  double-se^ented  thermoelements  re¬ 
quired  for  the  experimental  model  generator.  More  than  8oo  seg¬ 
mented  thermoelements  of  3/8-lnch  and  1/4 -inch  diameter  were 
screened  or  performance -tested ,  as  required  for  studies  under  the 
P’jndamental  Investigation,  Junction  Forming,  and  Generator  Fab¬ 
rication  phases  of  the  project. 

A  series  of  tests  were  performed  to  assist  In  determining  the 
causes  of  failure  at  the  MCC  40-graphlte  intermediate  Junction  of 
p-  as  well  as  n-type  thermoelements.  These  tests  contributed  to 
the  diagnosis  and  solution  of  causes  of  the  failure  of  the  50-watt  ( 
generator.  Modifications  were  also  made  to  the  screening  appartus 
In  an  effort  to  Improve  Its  accuracy  and  utility  at  1200 °C. 

A  hot-pressed  p-n  couple,  representative  of  the  best  p-n 
compositions  made  during  1963,  was  produced  and  tested  at  a  T^  of 


-^1200 "C,  cold  Junction  of  550 °C  and  at  10-5  -  io-6  torr  for 
1012-hrs.,  v;lthout  degradation  of  Its  output.  The  power  output 
of  the  1963-64  couple  was  found  to  be  17^  higher  than  that  for 
representative  1962-63  couples  operating  under  nearly  Identical 
thermal  conditions. 

d.  Fundamental  Investigations  A  survey  of  possible 
mechanisms  and  microstructure  examination  techniques  .was  made  in  an 
effort  to  explal.n  the  performance  of  Monsanto  Research  Corporation's 
high -temperature  thermoelectric  materials.  This  study,  when 
correlated  with  measured  properties  of  thermoelements,  indicated 
that  Monsanto  Company's  high -temperature  thermoelectric  materials 
approach  is  technically  sound  and  that  substantial  Improvement  of 
thermoelectric  properties  Is  possible. 


5.  Preliminary  Investigation  of  System  Concepts 

a.  Nuclear  Out-of-Plle  and  In-Plle  Thermoelectric  Space 
Power  Systems  Conceptual  designs  were  proposed  and 
Investigated  in  a  preliminary  way  for  three  types  of  fast  reactor- 
heated  high- temperature  thermoelectric  space  power  systems. 
Comparisons  of  their  optimized  performances  with  those  of  several 
SNAP  systems  are  presented  below: 


System  Concepts 

horSe 


System 

Performance 

Power 

Lt’vel, 

KWfe) 

SNAP* 

(2,8) 

(out-of¬ 
pile,  with 
loop) 

TIGER 
(in-plle. 
no  loop) 

SWIFT 
(in-plle, 
with  loop) 

12^1  mi-B5 

1965  1971-85 

1965  1971-85 

lbs./KW(e) 

ft3/KW(e) 

$1000/KW(e) 

3 

400 

16 

150 

14 

89 

120 

14 

86 

350 

21 

680 

130 

19 

68 

160 

15 

118 

110 

15 

100 

lb3./KW(e) 

ft3/KW(e) 

$i000/KW(e) 

30 

>100 

4.7 

2.6 

59 

3.5 

17 

33 

2.2 

14 

290 

^.3 

830 

90 

2.9 

22 

1.9 

92 

1.6 

39 

lbs  ./KW(e) 
ft3/KW(e) 

>>  $1000/KW(e) 

350 

- 

55 

3.2 

4.8 

26 

2.2 

3.4 

«• 

43  15 

0.22  0.24 

75  20 

*The  data  for  the  SNAP  systems  do  not  Include  shield 
weight.  The  performance  of  the  systems  Investigated 
on  the  project -includes all  components  and  shielding 
for  an  instrument  payload. 
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These  performance  data  were  obtained  using  properties  of 
MCC  thermoelectric  materials  anticipated  by  1964-1965  and  by  1971- 
1985*  Such  performances,  however,  can  only  be  attained  with  seg¬ 
mented  thermoelements  that  are  smaller  than  presently  practical 
to  produce.  The  performance  of  each  of  the  three  system  concepts 
studied  Is  quite  sensitive  to  thermoelectric  material  parameters. 

The  performance  of  the  HORSE  and  SWIFT  systems  could  be 
further  Improved  with  1964-1965  thermoelectric  properties,  and  by 
the  use  of  hybrid  thermoelec trie -dynamic  (Rankine  cycle  with 
turbines)  systems.  Further  Improvements  in  thermoelectric  and 
structural  materials,  anticipated  during  1971-1985  could  Improve 
performance  of  SWIFT  concept  (without  dynamic  auxiliary  power 
units)  to  approximately  15  lbs./KW(e). 

b.  Radioisotope  Space  Power  Systems  A  performance  and 
thermal  efficiency  study  (based  on  198^-1965  MRC  materials)  for  a 
25-watt(e)  Cm242  heated  (Th  of  1200®C)  thermoelectric  space  power 
generator,  utilizing  3/8-lnch  diameter  segmented  thermoelements, 
showed  a  maximum  performance  of  9.0  watt(e)/lb .  ^10  lb/KW(ej7  at 
an  element  length  of  1.7  cm  (O.67  Inch)  and  cold^ Junction  tem¬ 
perature  of  550 ®C.  The  thermal  efficiency  at  optimum  performance 
is  2.85^.  The  maximum  thermal  efficiency  at  a  Th  of  1200 '*C  Is 
3.755^  at  an  element  length  of  2,7  cm  (I.060  Inch)  and  at  a  cold- 
Junctlon  temperature  of  500®C.  The  design  points  for  maxlmujn 
performance  and  for  maximum  thermal  efficiency  do  not  coincide. 

The  study  also  shows  that  generators  can  be  desired  with  hl^ 
performance  of,  for  example,  at  least  7.0  watt(ey/lb.^43  lb/KW(ej7 
within  a  wide  range  of  cold-junction  temperatures  ancT element 
lengths . 

A  comparison  between  the  cylindrical,  spherical  and  sandwich 
design  generator  concepts  for  a  25-watt (e)  Cm^^^  heated  (Th  of 
1200 ®c)  thermoelectric  space  power  generator,  with  3/8- inch 
diameter,  segn»ented  thermoelements  operating  at  600®C  cold-Junctlon 
temperature,  showed  the  spherical  concept  to  be  superior  In  per¬ 
formance  at  9.5  watt(e)/lb.^05  lb/KW(e2/v8.  3.2  %att(e)/lb .^^2  lb/ 
KW(^7for  the  cylindrical  concept.  These  performances  are  reached 
at  an  overall  element  length  of  I.5  cm  (O.59).  The  performances 
of  the  sandwich  concept  reach  a  maximum  of  only  3.8  watt(e)/lb. 

^63  lb./KW(ey7at  an  element  length  of  2.2  cm  (0.88  inch). 

A  comparative  study  of  25-watt(e)  thermoelectric  space 
power  generators  with  3/8-inch  diameter,  segmented  thermoelements 
heated  with  Po^^O,  Cm^^S  and  heat  sources  (Th  of  1200 ®C) 

and  operating  at  600 ®C  cold-Junctlon  temperature  showed  the  gen¬ 
erator  with  the  Po210  heat  source  to  have  superior  performance 
at  9.3  watt(e)/lb.  /ToS  lb/KVl(e)7and  l .4  cm  (0.55  Inch)  element 
length.  The  performance  for  tKe  Cm242  heated  system  Is  somewhat 
lower  at  8.8  watt(e)/lb.  ^14  lb/KW(eJ7  with  the  same  element 
length. 
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Che  many  advantages  of  the  utili- 
ation  of  Pu-'8b  v;ith  respect  to  availability  and  shielding.  An 
Investigation  of  Sr90  showed  this  isotope  to  be  unsuited  for  space 
pov/ei'  applications.  The  lov;  pov/er  density  of  this  isotope  and 
the  heavj.'  shielding  requirements  result  in  ver'/  poor  performance 
values  for  space-type  systems. 

A  preliminary  study  based  upon  the  1971-198 ^  thermoelectric 
parameters  shovje'^  that  at  1400°C  hot-Junction  temperature,  1050®C 
interface  temperature,  and  350"C  cold- junction  ’..rinperature,  a 
system's  thermal  efficiency  of  9-0^  can  be  reached  and^a^performanc 
of  betteir-  than  50  lbs./KW(e)  can  be  achieved  v.'itn  a  oxide 

heat  source  for  a  wide  range  of  element  lengths  and  cold- junction 
temperatures.  A  25- 'wa  1 1  (e  thermoelec  trie  space  pov;er  system, 
using  a  gadoliniicni-polonide'^^^^  heat  source,  can  have  a  performance 
better  than  40  lbs./K\'/(e),  based  upon  1971-1985  material  property 
predictions. 

c.  Solar-Concentrating  %^mo^e_c:_t_riu  Systems  Based  on 
the  properties  of  MCC  thermoelectric  niaterials  anticipated  by 
1964-1965^  it  was  found  that  a  high- temperature  thermoelectric 
generator,  operating  in  a  near-earth  orbit,  and  heated  by  a  one- 
piece,  9-ft*  diameter,  parabolic  mirror  would  be  capable  of  25O 
v?att(e)  and  335  lbs./KV/(e).  These  performance  figures  take  into 
account  the  weight  of  deployment  and  orientation  hardvrare.  The 
specific  volume  of  this  module  was  estimated  at  240  ftb/KV/(e). 
Batteries  are  more  practical  than  thermal  storage  devices  for 
providing  pov;er  during  dark  orbiting  periods. 
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B.  CONCLUSIONS 


The  results  of  this  program  support  the  following  conclu¬ 
sions. 


1.  Laboratory  Model  Generators 

The  successful  completion,  without  degradation  of  perfor¬ 
mance,  of  more  than  1200  hours  of  sustained  operation  and  thermal 
cycling  tests  at  10"5  -  10“^  torr  on  a  50-watt(e)  generator  oper¬ 
ating  between  1200 ®C  and  570 °C  Indicates  that  segmented  3/8 -Inch 
diameter  thermoelements  of  Monsanto  Company  thermoelectric  mate¬ 
rials  are  capable  of  c  year's  operation  with  less  than  10%  deg¬ 
radation.  This  conclusion  was  supported  by  the  results  of  con¬ 
current  sustained  performance  and  thermal  cycling  tests  of  3770- 
hrs .  on  a  13-15  watt(e)  generator  made  from  segmented  1/4-lnch 
diameter  thermoelements.  No  degradation  was  experienced  with  the 
smaller  generator  to  about  2100-hrs.  operation.  Degradation  which 
was  encountered  beyond  2100  hrs .  and  reached  6%  at  3508  hrs .'  and 
a  total  of  9%  after  an  additional  264-hrs.  of  thermal  cycling, 
was  apparently  the  result  of  deterioration  of  the  electrical  re¬ 
sistance  of  the  ceramic  thermal  Insulation  used  in  this  generator. 

A  broken  n-type  thermoelement,  found  during  a  post-test  exam¬ 
ination,  demonstrated  the  value  of  redundancy  In  generator  circuits, 
but  accounted  for  less  than  10%  of  the  degradation  experienced. 

The  mechanical  and  thermal  stresses  experienced  by  both  laboratory- 
type  generators  during  thermal  cycling  tests  showed  that  the  basic 
multi-segment  thermoelement,  multi- thermoelement  module,  and  tier 
concepts  used  In  their  fabrication  are  sound  and  useful  for 
future  space  power  system  designs. 


2 .  Test  Facilities 


The  versatile  facility  completed  for  the  Air  Force  Is  capable 
of  evaluating  thermoelements  and  single,  double,  and  higher 
multiples  to  1200 “C  In  a  vacuum  of  10”5  _  10"°  torr.  This  facility 
can  also  be  used  to  evaluate  multi-watt  generators  under  simulated 
space  conditions  and  a  variety  of  thermal  conditions. 


3.  Component  Research 

Further  effort  will  be  required  to  lower  the  contact  resis¬ 
tance  and  Improve  the  quality  and  reproducibility  of  the  segmented 
thermoelements.  Significant  improvements  in  both  the  quality  and 
reproducibility  of  MRC's  high -temperature  thermoelements  are 
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technically  feasible. 

As  demonstrated  by  the  completion  of  the  1000-hr.  sustained 
performance  and  250-cycle  thei'mal  shock  tests,  the  potential  for 
the  achievement  of  high  reliability  and  performance  with  arc- 
plasma  fabricated  thermoelements  remains  high.  This  method  of 
fabrication  continues  to  offer  good  possibilities  for  the  low-cost 
mass  production  of  thermoelectric  space  power  units. 

On  the  basis  of  knowledge  gained  under  this  program,  it  is 
likely  that  significant  (10-30^)  Improvements  in  the  performance 
of  segmented  thermoele.ments  can  be  attained. 


4.  Freliminary  Investigation  of  Syste.m  Concepts 

On  the  basis  of  present  investigations  of  reactor-heated 
thermoelectric  space  power  system.s,  it  is  concluded  that: 


a.  The  ibs,/K'W(e)  performances  (including  shielding 
weights)  of  the  HORSE  (out-of-pile  thermoelements 
with  heating  loop),  SV/IPT  (in-pile  thermoelements 
cooled  by  out-of-pile  loop),  and  TIGER  (in-pile 
thermoelements,  no  loop)  concepts,  based  on  1964- 
1965  thermoelectric  material  properties  and  a  PuC 
fast-reactor  heat  source,  are  higher  than  those  for 
SNAP  10 A,  SNAP  2  and  SNAP  8. 


b.  The  performance  of  each  of  the  three  space  power 
concepts  studied  is  quite  sensitive  to  the  per- 
formiSnce  of  the  ther.moelectrlc  components.  Thus, 
significant  improvements  in  system  performance 
could  result  from  improvements  in  performance  of 
the  thermoelectric  components. 

c.  Calculations  indicate  that  system  performances 
below  30  lbs./Kl‘/(e)  could  be  attained  for  HORSE 
systems  using  values  of  tnermoelec trie  parameters 
assumed  to  be  attainable  in  the  1971-1585  time  period. 


d. 


KW(e)  and  possibly  surpass  this  figure 
temperature  thermoelectric  generat 
with  a  low- temperature  Ranklne  eye 
Additional  conceptual  design  stud! 
static-dynamic  systems  should  be  miade 
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e.  The  HORSE  and  SV/Im'T  concepts  with  fluid  heat  transfer 
loops  offer-  higher  performances  tut  lower  reliability 


than  TIGER,  which  requires  no  fluids  and  Is  of 
simplified  design. 

f.  Fuel  cost  In  $/KW(e)  for  large  HORSE  systems  appears 
competitive  with  that  for  the  SNAP  8  system,  while 
cost  for  large  SWIFT  systems  Is  between  those  for 
SNAP  10 A  and  SNAP  2. 

g.  The  system  volume  In  ft3/KW(e)  is  lower  for  both  the 
HORSE  and  SWIFT  concepts  than  for  SNAP  8. 

h.  Attainment  of  optimum  performances  In  the  3  KW(e)- 

350  KW(fe)  ranges  for  each  of  the  three  high- temperature 
thermoelectric  systems  investigated  will  require 
development  of  production  processes  for  making  smaller 
se^ented  thermoelements  than  will  be  available  by 
J9o5.  It  Is  anticipated  that  the  small  thermoelements 
could  be  developed  during  1965-1970. 

1.  Optimum  performance  of  HORSE  and  SWIFT  systems  Is 
attained  at  low  to  moderate  (250-650®C)  radiator 
temperatures.  The  SWIFT  type  of  system  could  utilize 
present  state-of-the-art  coolant  systems  (such  as 
mercury  or  water)  for  use  at  temperatures  below  500 ®C. 

Investigations  of  radioisotope  heated  space  power  systems, 
based  on  the  use  of  heavy-walled  Isotope  containers,  as  required 
for  total  Isotope  containment  during  reentry,  or  an  aborted  launch, 
led  to  the  following  conclusions: 

a.  High  performance  Cm^^^  of  Po^^^  heated  thermoelectric 
space  power  generators  with  3/8-lnch  diameter  elements 
at  a  power  level  of  25  watt(e)  can  be.  built  utilizing 
a  wide  range  of  element  lengths  and  operating  over  a 
wide  range  of  cold- junction  temperatures.  Performances 
as  high  as  9*0  watt(e)/lb.  ^10  lbs  ./KW(^7are  feasible. 

b.  Cm^^^  or  Po^lO  heated  thermoelectric  space  power  gen¬ 
erators,  with  3/8-lnch  diame.ter  thermoelements,  can  be 
operated  at  thermal  efficiencies  as  high  as  3. 755^* 

c.  S3  nee  the  design  points  for  maximum  performance  and 
maximum  thermal  efficiency  do  not  coincide,  practical 
generator  designs  will  have  to  be  a  compromise  between 
the  two  performance  parameters.  A  high  performance 
coincides  with  a  low  thermal  efficiency,  l.e.,  with 

a  high  Isotope  Investment.  A  further  study  will  have 
to  be  made  of  the  trade-offs  between  performance  and 
cost  of  the  generator. 
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V/hile  the  spherical  design  was  found  to  be  supei-ior 
to  the  cylindrical  design  with  respect  to  the  per¬ 
formance  of  a  25-watt (e)  generator  and  for  3/8 -inch 
diameter  thermoelements,  the  difference  is  too  small 
to  warrant  the  additional  effort  needed  to  successfully 
develop  the  inherently  more  complicateo  spherical 
design . 

At  the  25-watt (e)  power  level  the  Po^lO  the  best 
radioisotope  heat  source.  V/hile  tentative  computations 
show  the  performance  of  a  Pu^8o  fueled  generator  to 
be  lower  than  that  of  a  Cm^^^  fueled  one,  the  advantages 
of  Pu238  are  such  that  it  must  be  considered  to  be  the 
superior  fuel. 


On  the  basis  of  a  brief ,  preliminary  investigation  of  a  solar¬ 
concentrating  type  of  space  power  system,  based  on  the  assu.mption 
that  a  9-f t .  diameter  parabolic  imirror-thermoelectric  generator 
m.odule  is  of  optimum  size,  it  is  concluded  that: 

a.  A  specific  performance  of  about  335  lbs./KV/(e)  might 
be  expected  for  mirror- thermoelectric  generator 
modules  of  about  250-watt (e)  output.  This  performance 
is  based  on  properties  of  MCC  thermoelectric  materials, 
the  availability  of  which  is  anticipated  during  1964-65. 

b.  Batteries  are  more  practical  than  therm.al  storage 
devices  as  a  means  of  supplying  power  during  dark 
orbital  periods. 

c.  Increasing  the  power  level  of  this  type  system  does 
not  appreciably  improve  its  performance. 

d.  Thermoelements  smaller  than  those  that  will  be  available 
during  196^-1965  are  needed  to  reach  optimum  system, 
performance . 


Collector  storage  and  high  collector/thermoelectric 
generator  v^eight  ratios  are  .major  problemi  areas 
requiring  attention  for  i.mproved  perfor.miance  of  this 
type  system. 


III.  RESEARCH  AND  DEVELOPMENT 


A .  ADVANCED  LABORATORY  MODEL  EVALUATION 


Duration  tests  on  this  nominal  50“W5itt(e)  generator  were 
initiated  during  the  last  two  weeks  of  the  second  (1962-G3) 
phase  of  the  program  and  extended  into  this,  the  third  phase 
of  the  program.  The  results  of  duration  and  thermal  cycling 
tests,  as  well  as  detailed  post-test  examinations  made  on  this 
generatori  are  presented  in  this  report  section. 


1.  1000-Hr.  Sustained  Performance  Test 

This  generator,  shown  in  the  assembly  drawing  of  Figure  1 
and  described  in  Table  1,  weighed  3*86  lb.,  exclusive  of  its 
heat  source.  It  utilized  ^6  series-connected  stages  of  two 
p-type  and  two  n-type  segmented  thermoelements,  each  3/8-lnch 
diameter  by  O.65  Inches  long.  These  thermoelements  were  Joined 
at  their  hot  ends  by  molybdenum-graphite  contacts  and  at  their 
cold  ends  by  finned  copper  radiators  coated  with  TEC-1,  a  highly 
emissive  proprietary  Monsanto  Research  Corporation  coating.  An 
electrically  powered,  0.5  inch  O.D.  tantalum  tube,  with  0.020  inch 
walls  and  equipped  with  solid  tantalum  ends  that  extended  1  inch 
into  the  central  cavity  at  each  end  of  the  generator,  was  used  as 
a  heat  source.  An  A.C.  low-voltage  high-current  power  supply, 
controlled  by  means  of  a  single  thermocouple  located  at  the  hot 
Junction  of  a  p-n  couple  at  the  approximate  center  of  the  genera¬ 
tor,  provided  the  thermal  energy  needed  to  maintain  the  tantalum 
resistor  at  operating  temperature. 

As  shown  in  Figure  2,  the  generator  was  mounted  within  a 
water-cooled  cylindrical  protective  shield  which  served  as  the 
primary  heat  sink  for  the  radiatively  cooled  generator  and  pro¬ 
tected  the  pyrex  glass  vacuum  Jar  from  thermal  damage.  The 
inside  surface  of  the  heat  sink  was  coated  with  TEC-1. 

Sustained  testing  of  the  generator  was  started  with  opera¬ 
tion  at  1217°C  (Ty^)  in  a  vacuum  of  0.8-0. 9  x  10“°  torr.  Initial 
observations  indicated  that  the  tiers  of  both  ends  of  the  generator 
were  below  their  designed  operating  temperatures  of  1200 °C  (ll, , 
hot -June lion  temperature) ,  85O °C  (Ti,  intermedia te-Junctlon  tem¬ 
perature  between  segments  of  high- and  low-temperature  thermo¬ 
electric  materials),  and  500  °C  (T^,  cold-Junctlon  temperature). 
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Figure  1,  Assembly  Drawing  of  Advanced  Experimental  Model  Generator 


□ 


As  shown  in  Table  2,  the  first  operation  of  the  gen¬ 

erator  yielded  an  output  of  M6  watt(e)  /ll  9  watts (e ;/lb_J7  at  an 
overall  thermal  efficiency  of  1.8^.  Heat  losses  at  the  ends  were 
severe,  as  v/as  the  temperature  gradient  (estimated  at  100-200°C) 
between  the  central  and  end  sections  of  the  generator.  To  reduce 
these  undesirable  and  harmful  effects,  a  0.5  inch  O.D.  tantalum 
heater,  with  a  v:all  thickness  of  0.015  inch  and  with  shorter  solid 
ends  than  the  first  heater,  was  installed  in  the  generator  and  it 
was  returned  to  operating  conditions.  An  improvement  in  the  unifor¬ 
mity  of  the  temperature  gradient  (estimated  at  25~50°C)  between 
the  central  and  end  sections  of  the  generator  v;as  noted  with  the 
nev/  heater  in  place.  Additionally,  power  output  increased  to 
about  50  watt(e)  712.8  watt(e)  /Ib^/  at  an  improved  overall 
thermal  efficiency  of  2^.  This  improv^ement  in  performance  during 
the  next  122-hr.  operation  of  the  generator  is  believed  to  have 
resulted  from  the  more  uniform  temperatures  and  reduced  heat  losses 
obtained  with  the  second  heater. 

Generator  power  outpuc  became  erratic  after  266  hrs.  of  operation, 
and  further  sustained  tests  on  the  generator  vjere  halted.  A  close 
Inspection  of  the  generator  after  it  had  cooled  to  room  temperature 
revealed  that  four  n-type  thermoelements  located  in  its  central  sec¬ 
tion  had  faileu  at  their  MCC  60~MCC  40  junction.  This  inspection 
failed  to  reveal  more  serious  damage,  so  it  was  decided  to  electri¬ 
cally  bypass  the  damaged  thermoelements.  Vacuum  feedthrough  faci¬ 
lities  for  12  new  thermocouples  were  also  installed  to  permit  moni¬ 
toring  of  the  junction  temperatures  of  selected  thermoelements. 

These  efforts  were,  in  effect,  lost,  when  upon  returning  the  repaired 
generator  to  operating  conditions,  its  power  output  was  again 
erratic  and  lov/. 


2.  Failure  Analysis 

An  analysis  of  the  generator  performance  relating  to  causes 
of  failure  and  discontinuance  of  the  sustained  testing  was  immed¬ 
iately  initiated.  Initial  examinations  indicated  that  faili^re  of 
the  n-type  thermoelements  was  due  to  unexpected  high  Tj_  tem.peratures 
betv/een  the  MCC  6C  and  MCC  40,  n-type  thermoelectric  segments. 
Previous  scieening  of  representative  segmented  thermoelements  had 
indicated  that  Ti  junction  temperatures  for  n-type  thermoelements 
would  be  in  the  850-900°C  range.  In  such  screening  tests  Ti  tem¬ 
peratures  were  measured  by  thermocouples  inserted  in  holes  machined 
radially  from  the  surface  to  the  center  of  selected  thermoelements. 
Machining  of  such  thermocouple  holes  at  the  MCC  60-MCC  4C  junctions 
of  thermoelements  used  in  this  generator  was  avoided  in  the  interest 
of  retention  of  maximum  thermoelement  strength  and  generator  relia¬ 
bility. 
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DATA  FROM  IKITIAI.  TEST  OR  AIVANCED  LABOlUTORY  MODEL 
_ QgRBRATOR  OPBRATIIIQ  AT  10~5  x  IQ-Q  TORR 
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'Corrected  for  energy  losses  In  electric  leads  and  terminals. 


Better  thermal  Insulating  techniques  used  In  the  fabrication 
of  the  advanced  laboratory  model  generator,  as  compared  with  those 
used  for  the  sustained  testing  of  the  p-n  couple  12 significantly 
reduced  thermal  leaks,  but  caused  higher  temperatures  In  many 
thermoelements.  For  example,  on  the  basis  of  the  patterns  observed 
during  screening  of  thermoelements,  for  a  Th  of  1200°C,  a  maxlmvim 
temperature  of  about  880°C  v/lth  a  Tc  of  about  ^60°C  should  have 
been  reached  for  thermoelements  In  the  final  generator.  Subsequent 
actual  measurements,  made  on  several  n-type  thermoelements  from  the 
central  section  of  the  damaged  generator,  showed  that  for  a  Th  of 
1200®C  a  Tj^  of  1000‘’C  was  reached  with  Tq  at  560°C.  Substantial 
(50-100“C)  temperature  differences  between  the  center  and  the  out¬ 
side  surface  of  thermoelements  at  the  Intermediate  Junction  were 
also  observed  in  tests  run  on  thermoelements  from  the  damaged 
generator. 

Cold-Junction  temperatures  were  found  to  be  reasonably  uniform, 
having  an  estimated  variance  of  less  than  ±  20^0  over  the  entire 
generator.  Hot-Junctlon  temperatures  of  1200°C  to  1300°C  were 
measured  during  the  test  run  that  was  made  on  the  generator  after 
Its  Initial  failure.  Examination  of  the  thermoelements  after  dis¬ 
assembly  of  the  generator  showed  that  this  rather  wide  range  of 
hot-Junctlon  temperatures  was  due  to  the  following  conditions : 

1.  Hot-Junctlon  thermocouples  (inserted  under  difficult 
conditions  while  the  generator  was  still  on  the  test 
stand)  placed  in  the  assembled  generator  after  it  had 
failed  were  found  to  be  Implanted  slightly  deeper 
toward  the  heater  than  they  should  have  been.  Such 
positioning  of  the  thermocouples  would  account  for 
readings  between  1250®C  and  1300°C  (higher  than  the 
true  hot-Junctlon  temperatures). 

2.  The  hot-Junctlon  themwcouples  Implanted  during 
generator  assembly,  at  the  proper  positions,  recorded 
time  temperatures  and  exhibited  good  uniformity  except 
where  failure  of  an  adjacent  thermoelement  Interrupted 
the  normal  thermal  paths.  Such  failures  resulted  in  an 
approximate  30°C  temperature  rise  at  the  hot  Junction 
of  the  remaining  thermally  conducting  thermoelements. 

The  temperatures  of  normally  functioning  thermoelements 
were  of  satisfactory  uniformity  and  were  believed  to 
have  varied  leas  than  ±  20®C  from  operating  temperature 
over  the  entire  generator. 

Vibration  of  the  generator  during  sustained  testing  may  also 
have  contributed  to  failure  of  the  n-type  thermoelements.  Such 
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vibration,  resulting  from  oscillation  of  mechanical  vacuum  fore¬ 
pumps  and  from  the  buj.ldlng,  had  been  observed  to  cause  the  genera¬ 
tor  to  continuously  vibrate  on  its  test  stand  at  lovj  freauency 
(estimated  at  less  than  100  cps )  and  l/32-lnch  to  l/l6-lnch  ampli¬ 
tude,  despite  application  of  vibration  damping  pr-ocedures.  Hov;ever, 
as  evidenced  by  the  successful  1000-hr.  sustained  performance  test 
on  the  p-n  couple,  v/here  similar  vibration  v;as  present,  it  Is 

doubtful  that  such  vibration  in  the  absence  of  overheating  of  the 
intermediate  Junction  v;ould  In  itself  have  caused  thermoelement 
failure . 

Partial  disassembly  of  the  advanced  laboratory  model  generator, 
as  shown  In  Figure  3^  disclosed  an  excellent  condition  of  all 
components,  except  as  noted  In  Figure  4,  at  the  Junctions  between 
segments  of  the  thermoelectric  materials.  All  graphite  structures 
v;ere  In  excellent;  condition  except  for  hairline  cracks  in  two 
half-tiers  at  the  hot-Junctlon  graphite  ends.  These  cracks  did 
not  Interfere  v;lth  generator  performance.  All  Insulation  and 
radiation  shielding  v;as  In  perfect  condition.  The  TEC-1  emissive 
coating  was  In  all  cases  adherent,  intact,  and  functional  in  ap¬ 
pearance.  The  flame-sprayed  molybdenum  Joints,  electrically  and 
mechanically  bonding  the  thermoelements  to  the  graphite  rings  at 
the  hot -end,  and  the  copper  radiators  at  the  cold-end  were  examined 
minutely  and  found  to  be  in  perfect  condition.  The  thermoelectric 
segments  were  found  to  be  unaffected  in  appearance,  as  were  both 
hot  and  cold  Junctions  of  all  thermoelements. 

It  was  concluded  that  the  generator  failure  was  largely  the 
result  of  unknowingly  operating  the  intermediate  Junctions  of 
thermoelements  located  in  the  central  section  of  the  generator 
beyond  their  design  limits.  Vibration  may  have  played  a  secondary 
role  In  causing  the  failure  of  the  overheated  n-type  therm.oelements . 
Exceeding  the  design  limits  In  temperature  was.  In  turn,  the  re¬ 
sult  of  encountering  temperature  gradients  not  found  In  the  screening 
of  single  thermoelements,  the  1000-hr.  operation  of  a  p-n  couple, 
or  the  150-hr.  operati;^<n  of  3-rlng  generator  subassembly  modules, 
previously  reported,  w) 

Disassembly  of  the  generator  Into  individual  tiers  or  rings 
revealed  that  none  of  the  p-type  elements  had  failed  completely, 
but  13  out  of  92  showed  visible  evidence  of  change  at  the  inter¬ 
mediate  Junction.  This  was  assumed  to  indicate  incipient  damage 
that  might  lead  to  failure  and  these  thermoelements  will  be  replaced 
If  such  damage  Is  verified  in  re-testing.  These  elements  were  lo¬ 
cated  in  modules  (half-tiers)  where  n-type  thermoelements  failed. 

The  p-type  thermoelements  In  such  half-tiers  would  have  operated 
hotter  due  to  the  reduced  number  of  thermal  paths  remaining  after 
failure  of  the  n-type  thermoelements.  Thermoelement  I87P  in  tier 
9  of  Figure  ^  was  fractured  mechanically  during  disassembly.  This 
fracture  was  not  related  to  generator  failure. 


(a)  side  view 


(l))  top  view 


Figure  3.  Bottom  Portion  of  Ad¬ 
vanced  Laboratory  Model 
Generator  After  Advanced 
Laboratory  Model  Was  Cut 
into  Halves  for  Inspec¬ 
tion  of  Components 
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Figure  4.  Diagram  ohov.’lng  Location  ai;d  Condition  of  All 

Tlierttioelements  In  the  Advanced  Laboratory  Model 
after  Failure  Ai;alysls 
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Porty-four  n-type  thermoelements  of  the  92  present  failed  com¬ 
pletely  and  seven  others  showed  visible  evidence  of  change  at  the 
Intermediate  Jiinctlon,  as  described  for  the  p-type  elements.  All 
physically  Intact  thermoelements  were  retested  to  evaluate 
possible  damage  to  their  thermoelectric  properties. 

Figures  5  through  10  present  Individual  photographs  of  genera¬ 
tor  tiers  1  through  23,  showing  each  as  it  was  removed  from  the 
advanced  laboratory  model.  The  background  Indicates  the  number  of 
each  Individual  thermoelement  and  Its  electrical  and  thermal  clrcul-s 
try.  The  Inner  graphite  hot  Junctions  show  the  connections  of  that 
area  and  the  outer  circle  represents  the  copper  radiators.  The 
Indicated  breaks  In  the  outer  circles  show  where  the  circuit  was 
Interrupted  in  the  generator.  The  arrows  (if)  pointing  upward  re¬ 
present  connections  to  the  adjacent  tier  above.  Arrows  !<)  point¬ 
ing  down  represent  connections  to  the  adjacent  tier  bolow.  Arrows 
pointing  outward  Indicate  output  leads  from  the  generator. 

Hairline  cracks  were  present  In  the  Inner  graphite  connectors 
of  tiers  3  and  11,  but  these  did  not  affect  performance  In  the  gen¬ 
erator.  Tier  number  11  was  forcibly  separated  before  photography 
to  ascertain  this. 

Figure  11  shows  a  representative  Individual  thermoelement  In 
a  more  detailed  manner  and  Illustrates  where  the  Intennedlate  Junc¬ 
tion  problem  area  Is  located  In  a  typical  n-type  element. 

On  the  basis  of  an  examination  of  the  entire  generator,  failure 
In  the  advanced  laboratory  model  generator  is  believed  to  have  pro¬ 
ceeded  as  follows: 

1.  Due  to  unexpected  high  heat  source  temperatures  encoun¬ 
tered  In  the  central  section  of  the  generator,  the  maximum 
operating  Tj^  temperature  {950'’C)  was  appreciably  (50-100®C) 
exceeded,  causing  failure  of  the  bond  between  the  MCC  60 
and  MCC  40  segments.  These  Ti  temperatures  were  not  moni¬ 
tored,  due  to  a  limitation  In  the  maximum  number  of  thermo¬ 
couple  throughputs  from  the  vacuum  environment  chamber  and 
to  the  omission  of  Intermediate -Junction  thermocouple 
holes.  In  the  Interest  of  maintaining  high  mechanical 
strength  In  the  thermoelements. 

2.  A  previously  unobserved  temperature  differential  of  50-100®C 
existed,  under  generator  operating  conditions,  between  the 
center  (axis)  and  surface  at  the  Intennedlate  Jxmctions 

of  the  n-type  thermoelements. 
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Tier  11 


Tier  12 


Figure  J.  Top  View  of  Tiers  9»  10#  11#  and  12  Showing 
Thermoelement  Number  and  Circuit  Symbols  of 
the  Disassembled  Advanced  Laboratory  Generator 


,  . . . . . . . . . . . . . 


Tier  17 


Tier  18 


Tier  I9  Tier  20 


Figure  9.  Top  View  of  Tiers  17,  I8,  19,  and  20  Showing 
Thermoelement  Numbers  and  Circuit  Symbols  of 
the  Disassembled  Advanced  Laboratory  Generator 


Tier  21 


Tier  22 


ller  23 


Figure  10.  Top  View  of  Tiers  21,  22,  and  23  Showing 
Biermoelectrlc  Numbers  and  Circuit  Symbols 
of  the  Disassembled  Advanced  Laboratory 
Generator 
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Figure  11.  Typical  Segmented  Thermoelement  Showing 
Point  of  Failure 


3.  The  above  conditions  resulted  in  a  borderline  tempera¬ 
ture  at  the  junction  between  MCC  60  and  MCC  40  seg¬ 
ments  of  the  n-type  thermoelements.  Normally,  a 
fluctuation  of  a  few  degrees  in  heat  source  tempera¬ 
ture  would  not  affect  the  strength  of  n-type  thermo¬ 
elements.  However,  the  borderline  temperature 
conditions  were  exceeded,  causing  melting  of  the 

MCC  40  at  its  junction  with  the  graphite  Interface 
transition  material.  Reaction  of  the  higher  melt¬ 
ing  alloy  components  of  MCC  40  (from  the  liquid 
phase)  with  the  graphite  transition  material  at  the 
intermediate  junctions  and  subsequent  diffusion  with 
MCC  60  and  other  adjacent  materials  proceeded  into 
the  solid  phase  MCC  40  and  outwardly  to  the  thermo¬ 
element  surface,  progressively  lowering  melting  points 
in  the  Interm.ediate  junction  areas.  After  266-hr.  of 
this  action,  probably  aggravated  by  the  inherent 
vibration  of  the  vacuum  test  stand,  the  first  thermo¬ 
element  intermediate -junction  failures  occurred. 

4.  Upon  failure  of  the  first  thermoelement  in  a  four- 
element  half-tier,  hot-junction  temperatures  rose  in 
the  remaining  elements  available  to  conauct  the 
thermal  energy  present,  and  accelerated  their  failure. 

5.  Thermoelements  in  the  top  and  bottom  four  or  five  tiers 
were  unaffected  due  to  the  lower  ope'-'ating  temperatures 
to  which  these  units  were  exposed . 

6.  The  n-type  thermoelements  were  more  affected  than  the  p-type 
eiement^die  to  the  slightly  lo\;er  melting  point  of  the  n-type 
MCC  4o  formulation.  Also,  the  better  reproducibility  and 
lower  thermal  conductivity  of  MCC  50,  in  relation  to 

MCC  60,  tended  to  miniinize  the  rise  in  the  Ti  temperature 
of  the  p-type  thermoelements. 

It  was  concluded  that  the  thermal  conductivity  of  MCC  60 
should  be  better  established  and  its  reproducibility  improved. 
Preferably,  the  thermal  conductivity  of  MCC  60  should  be  lowered 
without  affecting  its  other  thermoelectric  properties.  Im¬ 
proved  techniques  for  detecting  Ti  temperatures  in  critically 
located  thermoelements  in  prototype  generators  are  needed  for 
monitoring  purposes . 


3«  Repair  of  the  Generator 

As  repair  of  the  damaged  generator  progressed,  it  be-  ame 
increasingly  apparent  that  while  its  damage  had  been  disconcertixig, 
experience  gained  in  recognizing  the  causes  of  trouble  and  in 
repairing  the  unit  had  cast  much  beneficial  light  upon  the  special 
problems  connected  with  this  pioneering  attempt  to  use  solid-^tate 
bonded  multi-segment  thermoelements  in  high-performance  generators. 

As  a  result  of  this  exploratory  work,  the  importance  and  critical 
nature  of  the  interm.ediate- junction  temperature  (Ti)  between  high- 
temperatura  (900-1200°C)  thermoelectric  segments  and  medium -tem¬ 
perature  (400'^C-950‘'C)  segments  were  nov;  recognized.  Additionally, 
the  need  for  and  the  difficulties  of  monitoring  Ti  temperatures, 
in  research  concerned  with  high-performance  generators,  v;ere  better 
appreciated . 

Thermocouples  had  not  been  installed  at  the  Tj^  sites  for  initial 
sustained  performance  tests  on  the  50-watt(e)  generator  because  earlier 
tests,  performed  on  what  v.’-as  believed  to  be  representative  p-  and 
n-type  thermoelements,  had  shown  that  for  thermoelements  operating 
between  a  Tu  of  1200°C  and  a  of  500°C,  the  Tp's  should  be  below 
950°C.  Further,  the  use  of  radially  drilled  therm.ocouple  holes  at 
the  sites  had  caused  cracks  to  develop  in  the  segmented  3/8-inch 
diameter  thermoelements.  Such  cracking  difficulties  did  not  permit 
Ti  measurements  during  production  and  selective  screening  of  thermo¬ 
elements  for  use  in  the  advanced  model  generator. 

This  lack  of  information  on  Tp  temperatures  prevented  detection 
of  any  large  variations  during  routine  production.  Subsequent  in¬ 
vestigations,  however,  showed  that  Ti  temperatures  could  vary  v/ldely 
(by  as  much  as  100°C)  in  thermoelements  made  during  production  runs, 
despite  the  reasonable  reproducibility  in  thermo  el  em.ents  S,  R  and 
Eqc  observed  during  screening  operations  at  a  Tj^  of  1200'’C. 

When  it  was  found  that  Tp  temperatures  in  the  3/8-inch  diameter, 
segmented  therm.oelements  varied  widely  and  v/ere  more  critical  from 
a  long  life  viewpoint  than  the  T^  temperatures  of  the  generator, 
considerable  effort  was  directed  to  developing  a  crack-free  means 
for  Installing  thermocouples  at  the  Ti  sites.  Numei'us  attempts 
were  made  to  drill  therm.ocouple  holes  in  the  thin  (  ''/iG-inchj 
graphite  barrier  at  the  Ti  site.  In  these  efforts,  acoustic, 
electric,  and  precision  mechanical  drilling  techniques  were  investi¬ 
gated.  Too  frequently,  the  drilling  device  contacted  the  hard  MCC 
60  and  MCC  50  segments,  causing  developm.ent  of  small  and  difficult- 
to-detect  cracks.  These  cracks  frequently  became  enlarged  under 
thermal  and  physical  stress,  particularly  in  the  case  of  n-type 
thermoelements,  causing  therm.oelernent  failure. 


33 


V 


After  considerable  experimentation,  it  was  found  that  by  using 
a  3/32 -inch  -  1/2- inch  long  graphite  barrier,  bonded  betv;een  3/8  - 
inch  diameter  MCC  60  and  MCC  ^0  segments,  safe  drilling  of  the 
desired  radially  oriented  0.036-iRch  diameter  thermocouple  holes 
could  generally  be  accomplished  at  Tj[  sites.  Accordingly,  all 
p-  and  n -type  thermoelements  for  use  in  repairing  the  gene'^ator 
were  fitted  with  the  longer  (standard  barriers  were  about  1/16- 
inch  long)  graphite  barriers  and  thermocouple  holes  at  tne  sites. 
While  the  longer  graphite  barriers  solved  the  problem  of  permitting 
thermocouple  installation  at  the  critical  fj^  sites,  the  resistance 
(R)  of  the  modified  thermoelements  was  10-20^  higher  than  for  the 
earlier p  -  and  n-type  elements  used  in  the  50-watt  generator. 

Each  of  the  segmented  p-type  thermoelements  from  the  damaged 
generator  was  re-evaluated  at  1200°C  for  p,  AT,  S  and  R.  It  was 
found  that  thermoelement  power  output  had  been  lowered  by  10-20^, 
due  to  inadvertent  operation  at  excessive  Tj^  temperatures.  The 
p-type  thermoelements  were  physically  sound  and  Judged  to  be  satis¬ 
factory  for  use  in  the  repaired  generator.  To  counter  the  reduced 
power  output  v/hich  could  be  expected  from  the  damaged  p-type  elements 
and  the  high  resistance  n-type  elements,  the  number  of  thermoelements 
in  the  repaired  generator  v/as  increased  by  20^.  This  increased  the 
weight  of  the  generator  from  3*86  to  4.6  lb.  exclusive  of  heat 
source  and  thermocouples  which  were  Installed  at  II7  different  sites. 
The  repaired  and  highly  ins t rumen t at ed  generator  is  shown  installed 
on  its  vacuum  test  stand  in  Figure  12  .  Although  II7  thermocouples 
were  installed,  only  4l  couples  could  be  used  during  a  test  because 
of  vacuum  feedthrough  and  switching  limitations.  The  72-contact, 
multi-deck  sv;itch  used  for  thermocouple  selection  is  shown  near  the 
lower  end  of  the  meter  stick  in  Figure  12.  The  water-cooled  cold 
v;all  shown  at  the  lower  left  side  of  Figure  12  is  normally  used 
in  a  position  surrounding  the  generator,  sv/itches  ,and  connection 
panel . 

The  117  thermocouples  were  located  in  the  generator  as  follows : 

1.  High -temperature  tungsten-rhenium  couples  at 
15  Th  sites. 

2.  Chromel-alum.el  couples  at  46  T^  sites. 

3.  Chromel-alumel  couples  at  46  Tq  sites. 

4.  Chrom.el-alumel  couples  located  about  the  cold  wall, 
on  the  multi-deck  sv/itch  and  thermocouple  connection 
panel. 
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Advanced  Laboratory  Model  Generator,  Ready 
for  Shakedown  Tests,  with  Thermocouples 
Installed  at  117  Sites 


1 


Prior  to  again  starting  the  lOOO-hr.  sustained  performance 
test,  the  repaired  generator  was  subjected  to  a  series  of  thermal 
tests  to  remove  volatile  material  and  to  deteimiine  v;hich  of  the 
monitored  thermoelements  would  exhibit  the  highest  Tj:  temperature 
as  approached  1200°C.  These  tests  indicated  that: 

1.  As  many  as  6-8  of  the  n-type  thermoelements  might 
appreciably  exceed  temperatures  of  900°C  at  a 

of  1200°C.  Such  critical  thermoelements  were 
found  in  the  central  and  hottest  section  of  the 
generator. 

2.  The  temperatures  of  most  n-type  thermoelements  . 
would  operate  15-50°C  hotter  than  the  T^  tempera¬ 
tures  of  adjacent  p-type  thermoelements  of  the 
same  Th- 

3.  A  temperature  differential  of  ^^100®C  existed  between 
the  hot-Junction  ends  of  thermoelements  located  in 
the  center  tiers  and  those  located  in  the  top  and 
bottom  tiers  of  the  generator. 

4.  The  smooth  interior  water-cooled  cold  wall,  show-"  in 
place  and  surrounding  the  generator  in  Figure  2,  was 
not  capable  (at  20°Cj  of  dropping  the  Tc’s  of  the 
generator  to  a  sufficiently  low  level  to  keep  the  Ti’s 
below  the  desired  operating  temperature  of  900‘'C. 

A  schematic  diagram  of  the  repaired  generator  is  presented  in 
Figure  13,  where  its  248  3/8 -inch  diameter  p-  and  n-type  thermo¬ 
elements  are  shown  In  20  serles-parailel  connected  tiers  of  12 
thermoelements  each,  with  a  21st  tier  of  8  thermoelements  at  its 
top.  In  this  diagram  each  segmented  thermoelement  is  identified 
with  a  number  and  its  polarity  noted .  The  heavy  lines  shown  at 
the  bottom  of  each  horizontal  row  (tier)  of  thermoelements  repre¬ 
sent  the  hot- Junction  straps  between  adjacent  pairs  ofir-  and  p - 
type  thermoelements.  The  lighter  horlzont-al  lines,  shown  eonneeting 
adjacent  pairs  of  p-  and  n-ty»’e  elements,  represent  the  cold  Junc¬ 
tion  or  radiator  components.  The  sm.all  circles,  with  numbers  in 
them.  Identify  1  of  the  remaining  th-^rmocouples  that  could  be  used 
at  the  end  of  the  tests  to  monitor  the  performance  and  temperature 
of  various  segments  of  the  generator.  The  smaller  black  dots  on 
the  periphery  of  the  thermocouple  circles  indicate  the  therriioele- 
m.ent  In  which  the  thermocouple  *s  located. 
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Figure  13. 


Schematic  of  Advanced  Laboratory  Model 
Generator  Shovjing  Thermocouple  Locations 
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In  an  effort  to  lower  Tj,  temperatures  by  decreasing  the  Tc 
temperatures  of  the  generator,  a  new, internally  finned,  water-cooled 
cold  wall  unit  (not  shown)  was  constructed.  The  fins  of  this  unit, 
mo\inted  on  the  inside  surface  of  the  heat  sink,  could  be  placed 
between  the  vertical  rows  of  the  generator  fins.  Despite  use  of 
this  specially  finned  cold  wall,  it  was  not  possible  to, operate  the 
generator  at  a  of  1200®C  v/ithout  exceeding  900°C  at  T^  sites 
in  the  central  thermoelements. 


4.  Second  .Sustained  Performance 


During  preliminary  thermoelement  screening  and  shakedown 
tests,  considerable  difficulty  was  encountered  in  maintaining  the 
Integrity  of  the  small  gage  thermocouples,  and  more  than  half  of 
these  couples  were  damaged.  On  the  basis  of  the  results  of  the 
shakedown  test,  it  was  decided  to  operate  the  most  critical  n- 
type  thermoelements  at  a  maximum  of  950®C  in  order  to  attain 
a  Tu  operating  temperature  during  the  1000-hr.  test.  An  n-type 
thermoelement  which  exhibited  a  Ti  of  950°C  at  a  of  1200°C 
ivas  chosen  as  the  most  critical  thermoelement.  This  thermoele¬ 
ment  (44l  of  Figure  13 )>  located  in  the  central  (hottest)  section 
of  the  generator,  v;as  equipped  with  thermocouples  at  its  and  Tj^ 
sites.  The  temperature  of  the  Tj^  site  of  this  thermoeJement  v/as 
used  as  the  reference  temperature  to  control  the  power  input  to 
the  tantalum  heater  source  for  the  generator. 

Data  pertaining  to  the  performance  and  operating  conditions  of 
the  advanced  model  generator  during  its  second  sustained  perfor¬ 
mance  test  was  taken  daily.  This  data  is  presented  in  Table  3  and 
shown  graphically  in  Figure  l4.  It  is  important  to  note  that  with 
the  exception  of  the  Tw  control  temperature,  temperatures  presente'd 
in  Table  3  and  Figure  14  are  average  temperatures  obtained  from  all 
thermocouples  at  T^,  Tj  and  Tq  sites. 

As  shown  in  Table  3  and  Figure  l4,  fluctuations  in  the  tem¬ 
peratures  (Th>  TjLn^  Tip,  Tcp,  ATnp)  of  the  generator  occurred  un¬ 
predict  ably.  Such  fluctuations  are  believed  to  have  resulted 
from  movement  of  the  thermocouples  due  to  vibration  from  the  vacuum 
pumps  of  the  test  stand.  Attempts  to  eliminate  movement  of  the 
thermocouples  by  cementing  them  within  the  drilled  thermocouple 
holes  were  unsuccessful.  In  this  effort  ceramic  cements  proved 
too  brittle  to  maintain  proper  thermal  contacts.  Additionally, 
temperature  fli.ctuatlons  were  caused  by  occasional  losses  of 
monitoring  the: TOOCouples, which  altered  the  overall  average  of  the 
affected  group.  An  example  of  this  condition  is  shown  in  the  tem¬ 
perature  change  of  T^n#  noted  in  Figure  l4,  v;ith  respect  to  T^p 
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Figure  l4.  Performance  Characteristics  of  Advanced 
Laboratory  Model  Generator 


on  the  21st  day  (pOO  hr.).  At  th-Js  time,  two  n-type  Ti  monitoring 
thermocouples  simultaneously  failed,  altering  the  average  Tin 
to  a  value  below  the  average  Tip.  Similar  occurrences  affected 
the  average  temp"ratures  at  various  times  throughout  the  iOOO~hr. 
sustained  performance  test. 

The  fluctuations  of  thermocouple  readings  also  contributed 
directly  to  the  varying  of  Eoc  and  Pmi  (Figures  14  and  Table  3.), 
since  the  positjonal  change  of  the  Th  control  thermocouple  alters 
the  input  power  slightly.  The  generator  serves  as  a  multiplier 
of  minor  thermal  effects  of  Input  power  fluctuation  and  responds 
by  exhibiting  greater  fluctuation  of  Eoc  and  PMi«  The  remaining 
data  presented  (Rint>  TM2>  ’iMp)  were  affected  by  both  input 

power,  temperature,  and  thermocouple  fluctuation  with  resulting 
compounded  variations  in  their  respective  curves . 

In  addition  to  the  thermocouple  considerations  noted,  it  was 
noticed  that  as  the  sustained  performance  test  progressed  beyond 
the  20th  day  (480  hrs,),  Pmi  gradually  decreased  while  the  re¬ 
sistance  to  the  heater  unit  increased.  A  study  of  the  Ti  and  Th 
temperatures  indicated  that  the  top  and  bottom  seven  tiers  of  the 
generator  were  operating  at  a  temperature  somewhat  below  that  of 
the  central  section  of  the  generator.  The  Ti  temperatures  in  these 
end  portions  of  the  generator  averaged  50-70 ®C  below  those  of  the 
center  section.  This  uneven  temperature  profile  prevented  the  gen¬ 
erator  from  operating  at  its  full  power  potential. 

The  heater  originally  consisted  of  a  tantalum  cylinder  of  0,5- 
inch  O.D.  and  a  wall  thickness  of  0.015  inch,  but  a  check  after 
its  removal  showed  that  the  wall  thickness  in  its  center  section 
had  been  reduced  by  an  amount  varying  from  0.0015  to  0.002  inch 
during  its  more  than  600-hr.  use  as  a  heat  source. 

Figure  15  presents  a  sketch  of  the  modification  that  was  made 
to  the  tantalum  heater.  It  consisted  of  flame-sprayed  molybdenum 
to  a  maximum  depth  of  0.005  inches  on  its  central  5  inches,  with  a 
gradual  taper  toward  the  ends.  This  molybdenum  coating  decreased 
the  resistance  of  the  central  portion  of  the  heater,  thus  reducliig 
the  i2r  heating  effect  at  its  center,  with  resultant  smoothing  of 
the  temperature  profile  of  the  generator. 

During  installation  of  the  modified  heater, a  vapor  shield  was 
constructed  and  installed  as  a  precautionary  measure  to  minimize 
deposition  of  tantalum  on  the  hot  Junctions  of  the  generator.  It 
consisted  of  a  graphite  cylinder  mounted  around  the  heater  and 
positioned  by  boron  nitride  bushings,  so  that  thermal  contact  was 
minimized  and  no  electrical  contact  occurred  between  vapor  shield, 
heater,  and  the  hot  Junctions  of  the  generator.  The  total  opera¬ 
tion  required  less  than  4  hrs .  of  down  time  on  the  26th  day 
(620  hrs.)  of  performance  testing. 
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Initial  performance  of  the  generator,  after  heating  to  an 
operating  Th  of  1200 indicated  that  repairs  to  the  heater  had 
been  successful.  The  power  pea.cs  exhibited  by  the  and  "*^2  of 
Figure  14  at  28  days  (670  hrs . )  were  a  direct  result  of  the  in¬ 
creased  average  Th  created  by  raising  the  end  temperature  of  the 
generator.  The  average  Ti  variation  o'^er  the  generator  length  at 
28  days  did  not  exceed  10 °C,  but  as  the  test  proceeded,  T^  vari¬ 
ation  between  the  end  and  center  sections  of  the  generator  became 
progress ivelj?  greater.  At  687  hours,  the  temperature  differential 
between  the  top  and  center  sections  of  the  generator  had  increased 
to  23 “0,  while  that  betwee.n  the  bottom  and  the  center  sections  had 
increased  to  approximately  57 ®C,  with  the  center  section  hotter 
in  each  case.  Beyond  this  test  time,  further  comparison  of  Ti 
temperatures  was  not  significant,  since  several  thermocouples  lo¬ 
cated  in  n-type  thermoelements  were  lost  within  the  lower  seven 
tiers.  It  is  possible  that  much  of  the  earlier  fluctuation  in  T± 
averages  may  have  been  caused  by  these  slowly  failing  thermocouples. 

However,  as  the  test  continued  it  became  apparent  that  random 
hot  spots  were  developing  over  the  central  area  of  the  modified 
heater.  After  750  hr., hot  spots  in  the  heater  were  encountered 
and  Ti  temperatures  were  not  constant  enough  to  be  usable  for  con-  ^ 

trol  purposes.  That  is,  the  Ti’s  were  so  unstable  that  the  gen¬ 
erator's  operating  temperature  could  not  be  adjusted  without  fear 
of  hot  spots  causing  an  Interface  temperature  in  excess  of  the  , 

critical  950 °C  limit.  Accordingly,  control  of  this  generator  was 
returned  to  a  Th  thermocouple  which  had  operated  at  about  1200 "C  ^ 

when  the  critical  Ti  was  at  950  ®C.  It  appeared  that  the  generator  j. 

power  output  values  would  have  been  considerably  improved  due  to  ^ 

the  heater  modification,  had  not  the  erratic  hot  spot  condition 
occurred . 

It  was  believed  at  this  time  that  the  hot  spots  were  caused 
by  alloying  the  molybdenum  coating  with  the  tantalum,  cylinder. 

Such  alloying  presumably  formed  a  molybdenum-tantalum  m.aterlal 
which  had  resistance  values  considerably  higher  than  either  the 
molybdenum  or  the  tantali^r:.  These  high-resistance  areas  created 
the  random  hot  spots  which  prevented  the  generator  from,  reaching 
maximum  capability.  Further  evidence  that  alloying  of  the  moly¬ 
bdenum  was  the  cause  of  the  heater  hot  spots  was  found  in  the 
fact  that  all  of  the  T^^'s  that  were  fluctuating  were  located  in 
the  central  section  of  the  generator.  This  area  received  heat 
directly  from  the  center  section  of  the  tantalum  heater. 

v; 

One  other  eve.nt,  a  power  failure  causea  by  a  thunderstorm  i 

on  the  30th  day  (720  hr.)  of  the  test,  is  worthy  of  mentioning 
because  it  caused  the  generator  to  cool  to  500°C.  Ma:-rlmum 
cooling  rates  of  250-260 °o/mln,  were  reached  during  this  incident. 
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T\v'o  efficiency  indexes.  Tv,  ^  snd  v;ere  used  during  the 

sustained  performance  test.  The  firsr  d!'  these,  rj’.n  u-as  based 
upon  the  pov/er  output  (?vi)  of  the  generator  obtained  under 
matched  load  conditions  at  the  sctual  encountered  in  the 

experiment.  The  second  index,  hvp-’  based  upon  the  adjusted 
matched  load  pov;er  output  (Fr.’g)-  adjusted  pov;er  output, 

normalized  by  the  ratio  of  the  square  of  the 
ature  differential  across  the  generator  to 


consists  of  P 
actual  .^emper 

the  square  of  the  temperature  differential  experienced  by  the 
generator  at  a  reference  point  (39  hr.  operation).  The  efficiency 
in  each  case  v;as  based  on  the  ratio  of  ?t.*/Q,  v/here  Q  (input)  v.-as 
est5.mated  by  .  tracting  the  extraneous“conductive  and  radiative 

he  generator.  These 


at  39  hr.  to  1.5^.^  at  2c  da; 


and  s 

uppo  rt 

s  of 

>' 

J-i  i. 

g  the 

test 

and  rj 

T-2  bol 

1 

ierato 

r  vari 

ed  i 

(63 

hr. ) . 

The 

As  indicated  by  the  T^vy  ^hd  columns  in  Table  the 

T:  a  lov;  of 


'he  more  meaningful 


(because  it  v/as  corrected  for  temperature  variations)  efficiency 
index,  ’lj'2^  increased  from  1.46^  at  39  hr.  to  a  peak  1.76^  betv;een 
687  and  711  hr.  operation.  It  is  significant  that  v/hile  fluctua¬ 
tions  in  both  efficiency  indexes  occurred  during  the  test,  they 
did  not  decrease  belov;  the  values  at  the  start  of  the  test. 


The  most  meaningful  pov.'er  output  index  of  generator  performance 
vs  time  is  presented  in  column  "Pj/p’*  Table  3  snd  Pr^jg  of  Figure 
l4.  This  index  gives  the  electrical  power  output  of  the  generator 
under  matched  load  conditions  and  adjusted  to  a  standard  thermal 
condition.  The  generator  output  after  39  hr.  of  operation  w’as  arbl- 
trarilj/  chosen  as  a  standard  performance  for  comparative  purposes 

V/hile  variations  in  occurred  as  the  test  progressed,  the 
general  trend,  shown  in  Figure  l4,  was  for  the  power  to  remain 
above  47  v.-att  (e)  after  the  first  50  hr.  operation.  A  peak  output 
value  01  52  v;att  (e)  /li.8  v/act  (e)/lbj_7  v;as  reached  on  the  26th 
day  (620  hr.).  Lov/est  output  vnas  encountere*  betv/een  the  5th  and 
7th  day  ifnen  it  dipped  twice  to  about  45  watts  (e).  Hov/ever,  as 
shovm  ir  Figure  14,  the  adjusted  power  output  (Pmp)  remained  above 
the  reference  condition  (where  cVi-Pm?)  st  39  brV  for  the  duration 
of  the  sustained  per  z’marce  test.  Discounting  the  largest  peaks 
and  vPlIeys  sko-wn  in  Figc^re  14,  tended  to  improve  somewhat 

’With  increasing  time.  On  vne  oasis  of  the  improvement  in  Pj,-2  with 
time,  ir  could  be  concluded  that  the  pov.’er -generating  characteristics 
of  the  materials  used  in  this  generator  improved  rather  than  degraded 
\vith  time  under  test  conditions  more  conservative  conclusion  is 
in  order:  namely,  that  no  apparent  degradation  of  the  thermoelectric 


power-generating  properties  of  tl.^-se  MCC  materials  used  building  the 
advanced  model  generator  occurred  during  the  sustained  performance 
and  thermal  cycling  tests. 


5.  Theimial  Cycling  Test 

The  thunderstorm  that  caused  a  power  outage  during  the 
sustained  performance  test  helped  establish  the  maximum  heating- 
cooling  rate  that  could  be  attained  by  thermal  radiation.  Examina¬ 
tion  of  the  cooling  curve  of  the  generator  after  the  power  fail¬ 
ure  showed  that  peak  rates  of  240-250®C/min.  were  reached. 

With  regard  to  heating,  it  was  assumed  that  the  heat  source 
would  be  a  solar  collector  of  fixed  diameter,  operating  in  an 
orbit  of  constant  solar  flux.  Under  these  conditions,  the  heat 
input  to  the  generator  upon  leaving  the  shadow  of  the  earth  v^as 
assumed  to  be  2890  watts (t),  the  same  input  used  for  the  sustained 
performance  test.  To  provide  the  dasired  cooling-heating  cycling 
conditions,  a  temperature -time  cam  was  machined  and  was  used  on  a 
control  instrument  to  govern  the  power  input  to  the  generator  pro¬ 
viding  the  typical  t:hermal  cycle  curve  shovm  in  Figure  I6.  Peak 
cooling  rates  to  260°C/min.  and  heating  rates  of  about  120‘'C/min. 
could  be  attained  on  a  cyclic  basis  with  this  cam. 

The  generator  was  subjected  to  105  consecutive  thermal  cycles 
of  the  type  shown  in  Figure  I6,  Data  from  these  tests  is  presented 
at  the  bottom  of  Table  3,  and  shovsthat  no  change  in  the  power¬ 
generating  characteristics  of  the  generator  developed  during  the 
thermal  cycling  tests. 


6.  Post- Test  Examination 


Upon  completing  the  thermal  cycling  tests,  the  generator  was 
cooled  to  room  temperature  and  the  bell  jar  opened  for  inspection. 
Since  the  bell  jar  could  be  swung  aside,  the  test  stand  served  as 
a  secure  mounting  for  examination.  All  thermocouples  used  for 
heat  balance  calculations  and  test-stand  temperature  monitoring 
were  removed.  Likewise,  all  protective  insulation  and  reflective 
shields  were  removed  in  order  to  permit  easier  access  to  viewing 
of  the  generator.  A  careful  inspection  of  all  theirooelements 
available  for  viewing  was  made  and  no  damage  found. 

Several  radiator  fins  were  slightly  bent,  and  in  several  cases 
their  emissive  coating  had  been  chipped  off.  This  minor  damage 
apparently  resulted  from  removal  of  the  close  fitting,  v;ater-cooled 
heat  sink.  The  bent  radiators  were  straightened  and  the  chipped 
coatings  of  TEC-1  emissive  material  v;ere  replaced. 


Cycle 


It  was  noted  that  the  molybdenum  Jimctlons  were  brittle, 
making  movement  of  the  generator  quite  risky.  It  was  noted  that 
the  theiTTiocouples  were  also  brittle.  Extreme  care  was  taken  where- 
ever  thermocouples  and  leads  were  involved  so  that  no  motion  would 
entangle  the  lead  about  the  radiator  fins  and  cause  flexure  of  the 
molybdenum. 

After  external  Inspection,  the  clamps  attaching  the  current 
leads  to  the  heater  were  taken  off  and  the  heater  was  removed. 

The  heater,  as  shown  in  Figure  17  ^  did  indeed  shov/  evidence  that 
hot  spot.s  had  been  produced  during  the  latter  stages  of  the  sus¬ 
tained  performance  and  the  thermal  cycling  tests.  Excessive  and 
irregular  grain  growth  was  found  on  the  surface  of  the  heater, 
particularly  in  the  center  section  of  the  generator.  Hot  spot 
areas  v/ere  also  found  at  each  end  of  the  heater  where  electrical 
contact  between  ir  and  the  power  supply  was  made.  The  presence 
of  such  large,  irregular  areas  in  the  surface  of  the  heater  was 
Judged  to  be  the  result  of  molybdenum  alloying  with  the  tantaliim 
and  the  effect  of  exposure  of  the  heater  to  temperatures  in  ex¬ 
cess  of  1200°C. 

Following  a  visual  Inspection  of  the  heater  cavity,  which 
showed  no  change  in  mechanical  appearance  from  the  last  inspec¬ 
tion,  the  hold-down  top  cross  bar  was  replaced  to  provide  support 
to  the  generator  structure  during  the  remaining  inspection.  The 
graphite  vapor  shield,  normally  used  to  prevent  vaporized  heater 
material  from  plating  on  the  hot  Junction  of  the  generator,  v/as 
removed.  Removal  of  the  vapor  shield  pennitted  viewing  of  the 
interior  surfaces  (hot-J'inctions )  of  the  generator.  Only  a  very 
light  coating  of  tantalum,  deposited  during  the  first  620  hr.  of 
the  tests  and  prior  to  installation  of  the  vapor  shield,  could  be 
seen.  This  coating  was  apparently  thin  enough  not  to  have  appre¬ 
ciably  short-circuited  the  generator. 

On  the  basis  of  this  examination,  it  was  concluded  chat  the 
segmented  MCC  thermoelements  used  in  the  construction  of  the 
generator  were  virtually  unaffected  by  the  ll86  hr.  of  sustained 
performance  and  thermal  cycling  tests.  Since  many  of  the  thermo¬ 
elements  used  in  the  fabrication  of  this  generator  had  previously 
been  exposed  to  about  2J0  hr.  of  the  initial  sustained  tests,  it 
can  be  concluded  that  the  MCC  thermoelements  are  capable  of  more 
than  1450  hr.  of  operation  at  the  test  conditions  v/ithout  degrada¬ 
tion. 


Generator  components  most  affected  by  these  tests  were  the 
molybdenum-copper-graphite  Junctions  of  its  radiators  and  molyb¬ 
denum  -graphite  hot -Junctions.  These  components  became  brittle 
and  sensitive  to  cracking  from  mechanical  Impact  after  more  than 
1200  hr.  of  exposure  to  simulated  space -operating  conditions. 
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Center  section 


Figure  17.  Molybdenum  Sprayed  Tantalum  Heater 
Showing  Grain  Growth  in  Top  End  and 
Center  Section 
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Additionally,  the  small  (0.005  Inch  diameter)  thermocouples 
used  for  monitoring  purposes  became  brittle  and  were  difficult 
to  keep  properly  positioned. 

It  Is  not  likely  that  serious  embrittlement  problems  would 
be  encountered  with  the  molybdenum  coatings  of  the  radiators  and 
hot-Junctlons  on  this  type  of  generator  during  the  essentially 
vibration-  and  ijnpact-free  post-launch  period. 

However,  attention  should  be  given  to  minimizing  pref light 
tests  for  extended  periods  at  elevated  temperatures. 
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B.  IMPROVED  EXPERIMENTAL  MODEL  GENERATOR 


The  experience  gained  in  designing,  building,  and  initially 
testing  the  50-watt  advanced  laboratory  model  was  used  in  the 
design  of  the  improved  experimental  model  generator  that  is  pre¬ 
sented  in  this  section.  The  design  goals  for  the  improved  model 
were  to  make  it  more  rugged,  reliable,  long-lived  and  capable  of 
a  higher  performance  ratio  than  the  advanced  laboratory  model. 

Because  of  the  problems  that  occurred  when  the  intermediate- 
junction  design  temperature  (Ti)  of  the  n-type  thermoelements  of 
the  50-watt  model  was  unknowingly  exceeded,  particular  attention 
was  paid  to  solving  this  problem  in  the  improved  experimental  model . 
To  overcome  the  Tj^  monitoring  problem  it  was  planned  to  install 
thermocouples  at  the  intermediate  Junctions  of  p-  as  well  as  n- 
type  thermoelements  located  in  the  hottest  central  sections  of  the 
generator.  Additionally,  a  spiral-wound^resistance-wire  heater 
unit  was  used  in  place  of  the  tubular  one  employed  with  the  50- 
watt  generator. 

In  addition  to  the  above  tasks,  a  very  difficult  problem  to 
be  solved  in  designing  and  building  an  improved  experimental  model 
generator  involved  the  reduction  of  the  diameter  of  the  segm.ented 
thermoelements  from  3/8- inch  to  i/4- inch  without  serious  reduction 
in  the  quality  and  reproducibility  of  their  thermoelectric  prop¬ 
erties.  Considerable  difficulties  vjith  these  areas  were  encoun¬ 
tered  during  the  preceding  year's  efforts  when  it  was  necessary 
to  reduce  the  diameter  of  segmented  thermoelements  from  1/2  inch 
to  3/8  inch  tc  raise  the  watts/pound  ratio  of  the  advanced  lab¬ 
oratory  model.  The  task  is  even  more  difficult  in  reducing  thermo¬ 
element  diameter  from  3/8  inch  to  1/4  inch.  Emphasis  v;as  placed 
by  the  Air  Force  on  producing  an  improved  experimental  generator 
that  could  be  operated  for  3500  hours  during  this  year's  prograia. 


1.  Design  Optimization 


Prior  to  completing  the  prelLminary  design  of  the  improved 
experimental  model  generator,  a  series  of  computer  calculations 
was  made  to  study  the  relative  effects  of  changes  in  the  generator 
design  parameters  on  the  overall  watts/pound  ratio.  For  these 
calculations  a  fixed  thermoelement  diameter  of  1/4  inch  v;as  used 
and  the  thermoelement  length  and  cold-junction  (radiator)  temper¬ 
atures  were  varied  over  fairly  large  ranges  (0.1  to  2.5  cm.  for 


thermoelement  length  and  5OO  C 
The  material  properties  of  the 


to  /'50°C  cold-end  temper- 
thermoelectric  segm.ents 


the  total 
atures) , 

were  identical  to  those  used  for  a  similar  calculation 
3/8- inch  diameter  thermoelements  as  reported  previously 
Junction  temperature  of  1200 °C  and  an  intermediate” junction 
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perature  (Ti)  of  850°C  between  p-type  MCC  4C-MCC  50  n-type 
MCC  40-MCC  dO  segments  were  used  for  the  l/4-inch  diameter  thermo¬ 
elements  . 

Results  of  optimization  calculations  for  l/^-inch  diameter 
thermoelem.ents  are  shown  in  Figure  l8.  where  the  limiting  effect 
of  the  radiator  weight  on  the  overall  watts/pound  ratios  is  ap¬ 
parent,  just  as  it  was  for  the  3/8-inch  diameter  thermoelements 
used  in  the  advanced  laboratory  model  study.  It  iriay  also  be  seen 
from  the  curves  of  this  figure  that  a  definite  improvement  over 
the  watts/pound  ratio  for  the  selected  design  of  the  improved 
experimental  model  could  be  made  by  using  short  thermoelements. 

Although  short  thermoelements  are  definitely  desirable  from 
a  high-performance  ratio  point  of  view,  it  is  not  feasible  at 
this  time  to  obtain  the  high  degree  of  reproducibility  in  the 
length  and  thermal  conductivity  (or  density)  of  thermoelectric 
segments  needed  if  high  watts/pound  ratios  are  to  be  attained  by 
closely  approaching  the  critical  Ti  for  each  thermoelement. 

The  nature  of  the  critical  Ti  temperature  problem  may  be 
better  appreciated  if  it  is  considered  that  for  a  design  temper¬ 
ature  of  700 °C  between  the  hot  and  cold  ends  of  each  thermoelement, 
an  average  temperature  gradient  of  about  60°C/mm.  would  exist  in 
1.2  cm. -long  by  l/-4-inch  diameter  thermoelements.  A  1.2  cm. -long 
thermoelement  of  l/4-in(h  diameter  corresponds  to  that  which  would 
result  if  the  L/A  ratio  of  the  l/4-inch  diameter  thermoelement 
were  the  same  as  that  used  for  the  pO-watt  model.  Even  higher  tem¬ 
pera,  ture  gradients  of  75-100 °C/mm.  would  be  encountered  in  segment 
areas  immediately  adjacent  to  the  intermediate  Junction  of  the 
l/4-inch  diameter  thermoelements.  Thus,  for  l/4-inch  diameter 
MCC  50  or  MCC  60  segments,  only  0.5  mm.  (O.OI96  inch)  shorter  or 
longer  than  specified  b5^  design,  the  Ti  in  a  segmented  thermo¬ 
element  could  range  from  30°C  to  50°C  higher,  or  lower,  than  the 
required  Ti. 


Variations  in  segment  density  also  exert  an  effect  on  Ti 
with  low  and  high  segment  densities  in  MCC  50  and  MCC  60  segments 
contributing  to  low  and  high  T_^  temperatures,  respectively.  Low 
and  high  densities  in  MCC  40  segnients  would  similarly  affect  the 
Ti  temperatures. 


Since  it  is  not  yet  possible  to  reproduce  the  length  and 
densities  of  the  various  segments  with  sufficient  precision  to 
meet  design  specif ications  for  each  material,  the  average  temper¬ 
ature  gradient  down  each  thermoelement  was  decreased  by  m.aklng 
them  longer.  While  this  approach  lowered  the  watts/pound  ratio 
for  the  improved  model, its  thermal  efficiency  benefits  from  the 
longer  lengths  employed . 
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With  the  Tj_  problem  in  mind,  the  length  of  the  1/4  -inch  di¬ 
ameter  thermoelements  for  the  improved  experimental  model  generator 
was  arbitrarily  set  at  2  cm.  On  this  basis,  as  shown  in  Figure  18, 
a  watts/pound  ratio  of  about  l4.5  was  computed  for  the  improved 
exper jjnerital  generator  operating  with  a  cold- junction  temperature 
of  about  500^0. 


*  The  design  of  this  generator  was  originally  directed  toward 
a  nominal  power  output  of/v/25  watt  (e).  In  addition  to  the 
smaller  power  output  and  diameter  of  its  thermoelements,  the 
following  design  features  for  the  improved  model  differed  from 
those  of  the  50-watt  advanced  laboratory  model: 


a.  Each  tier  of  the  improved  model  i*<as  .-’omprised  of 
l6  rather  than  the  8  thermoelements  used  in  the 
50-watt  unit.  The  use  of  more  thermoelements  pe 
tier  provided  a  shorter,  more  rugged  generator 
geometry  corif iguration. 


b.  Each  tier  is  sectioned  in  quadrants  rather  than 
in  halves.  The  use  of  quadrant  tier  sections, 
connected  in  series,  permits  generation  of  about 
6  volts  with  the  improved  experimental  model  at 
approximately  one-half  of  the  total  power  of  the 
50-watt  model. 


c.  The  inner  graphite  quadrant  sections  are  rigidized 
with  a  flame-coated  refractory  alumina  bond.  This 
new  technique  permitted  significant  increases  in  the 
mechanical  strength  of  this  generator  geometry. 


d. 


Use  of  l/4-inch  diameter  thermoelements  permitted 
close  spacing  of  thermoelements  and  better 
utilization  of  the  heat  transfer  area  in  the  inner 
hot~junction  graphite  rings. 


e.  A  spiral-type  electrical  resistance  heater,  rather 
than  the  tube-type  used  on  the  50-watt  model,  was 


employed . 
heat  flux 
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a.  A  simple  cyJindrical  generator  geometry  was  used 
in  each  case . 

b.  Tvio  p~  and  2  n-type  thermoelements  were  used  per 
graphite  hot -junction  tier  section  to  provide 
greater  reliability  of  the  power  generating  circuit. 

c.  Hot-pressed  cylindrical  thermoelements  were  used  in 
both  models. 

d.  Materials  of  construction  Mere  in  general  the  same. 

It  was  not  possible  to  find  optimum  solutions  to  each  of 
the  probler.is,  discussed  in  the  next  section,  in  time  to  permit 
fabrication  of  a  192“ element  generator,  as  originally  proposed. 
Instead,  a  generator  based  on  l^b  segmented  p-  and  n-type  thermo¬ 
elements  and  capable  of  15-watt  (e)  output  at  1200 ®C  and 
500 °C  Te,  was  fabricated. 


2.  Fabrication 


The  preparation  of  enough  thermoelements  of  sufficient  quality 
for  generator  fabrication  proved  quite  difficult.  The  situation 
was  similar  to  that  encountered  previously,  when  it  became  nec¬ 
essary  to  learn  how  to  produce  3/8  -inch  diameter  segmented  thermo¬ 
elements  for  the  advanced  laboratory  model  after  having  worked 
out  useful  production  techniques  for  l/2-inch  diameter  thermo¬ 
elements  . 


A  major  difficulty  encountered  with  the  1/4  inch  diameter 
thermoelements  involved  the  attairmient  of  consistent  thermoelectric 
properties  during  repetitive  production.  This  difficulty  v;as 
partially  due  to  the  very  small  quantities  (each  thermoelectric 
segment  weighs  about  1  g.)  of  powdered  materials  required  per 
element.  Additionally,  sm.all  variations  in  hot-pressing  conditions 
had  a  very  significant  effect  on  the  density  and, therefore,  on  the 
thermoelectric  properties  of  1/4  inch  diameters.  The  smialler 
thermoelements  also  required  thermal  and  pressure  cycles  which 
were  different  from  those  used  for  either  3/8  inch-or  1/2 -inch 
diameter  elements.  I^astly,  it  was  Impractical  to  screen  candi¬ 
date  thermoelements  for  critical  Ti  temperatures  by  inserting 
thermocouples  at  the  Ti  site,  as  was  done  for  the  larger  diameter 
elements.  More  than  60  l/4“inch  diameter  thermoelements  were  lost 
during  attempts  tc  evaluate  them  by  insertion  of  thermocouples 
at  the  Ti  sites,  and  it  was  necessary  to  develop  new  screening 
techniques . 


connected  in 
connected  In 
of  it,  or  to 
the  improved 
4 - thermoelement 
test  results 


Figure  19  presents  a  view  of  a  l6-thermoelement  tier  unit, 
without  radiators  and  thermal  insulation,  essentially  identical 
to  those  used  in  the  fabrication  of  the  Improved  experimental 
model.  Nine  such  tiers,  consisting  of  8  p-  and  n-type  l/4-inch 
diameter  segmented  thermoelements,  connected  series-par-allel, 
were  used  in  the  generator.  As  shown  by  the  small  white  cylinders 
spaced  at  90°  intervals  in  the  1  S/S-inch  I.D.  x  1  3/4-lnch  C.D. 
graphite  ring,  each  tier  consisted  of  four  sections,  each  contain¬ 
ing  2  p-  and  2  n-type  thermoelements  with  like  thermoelements 
parallel.  Each  4 -thermoelement  section  was  then 
series  with  the  4 -thermoelement  sections  on  each  side 
a  similar  section  on  the  tier  above  or  below.  Thus, 
experimental  model  contained  36  series-connected 
parallel-connected  sections.  It  was  judged  that 
such  a  9-tier  unit  would  be  adequate 


obtained  with 


for  purposes  of  evaluating  the  operating  characteristics  of  the 
design  concept  and  for  extrapolation  purposes.  The  electrical 
scheme  of  the  generator  is  presented  in  Figure  20  . 


A  1  l/4-inch  O.D.  X  5-inch  long  graphite  sleeve  was  inserted 
between  the  spiral- wound  resistance  heater  and  the  hot-junction 
ends  of  the  generator.  The  function  of  this  sleeve  was  to 
prevent  evaporated  tungsten  from  electrically  shorting  the  exposed 
hot  ends  of  the  thermoelements. 


When  completed,  the  improved  experimental  model  measured 
about  5-inch  C.D.  by  5-inch  high,  excluding  its  ceramic  insulating 
top  and  base  plate,  and  weighed  1.3  lb.,  exclusive  of  heat  source, 
thermocouples  and  nonfunctioning  ends.  A  detailed  assembly 
drawing  is  shown  in  Figu.re21. 

Figure  22  presents  a  view  of  the  assembled  generator  vjithout 
its  cold-wall  heat  sink  in  place.  This  view  was  taken  prior  to 
starting  shakedown  tests  on  the  generator.  The  white  wires  shown 
connected  to  the  generator  and  to  the  panel  at  its  base,  are  4l 
thermocouples  for  monitoring  T|^,  Ti  and  Tq  temperatures  at 
strategic  sites  within  the  generator. 


3.  350Q-Hr»  Sustained  Performance  Test 

The  sustained  performance  rest  was  initiated  on  April  7,  1964. 
The  method  of  operation  and  collection  of  data  were  identical  to 
that  described  for  the  advanced  laboratory  model  with  the  excep¬ 
tion  that  a  different  heater  configuration  was  used.  For  this 
generator,  a  spiral  wound  tungsten  heater  (0.050-inch  diameter 
wire)  vjas  substituted  for  the  cylindrical  tantalum  heater.  The 
use  of  the  coiled  tungsten  heater,  with  electrical  leads  at  the 
bottom  of  the  coil,  permitted  complete  closure  of  the  top  end  of 
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Figure  20.  Schematic  of  Improved  Experimental  Model  Generator  Showing  Tliermocouple 
Locations 


this  generator,  tending  to  decrease  its  thermal  losses. 

Daily  tabulations  on  this  generator  are  presented  in  Table  4 
and  graphical] y  in  Figures  23 ^  24  and  25-  As  with  the  data  for 
the  advanced  i^aooratory  model ,  unpredic liable  fluctuations  in  tem¬ 
peratures  occurred  and  undoubtedly  affected  the  performance  of 
the  generator.  Also^  as  in  the  sustained  performance  tests  with 
the  advanced  laboratory  model,  losses  of  thei'^mo couples  by  breakage 
and  changes  their  outputs  occurred  with  this  generator.  On 
occasion,  such  thermocouple  problems  caused  rather  odd  variations 
in  uhe  temperature  averages.  For  example,  it  was  observed  that 
the  average  Tin  and  Tip  temperature  curves  of  Figure  23  crossed 
several  times.  These  events,  which  were  noticeable  from  the  10th 
through  the  38th  day  of  the  test,  are  believed  to  have  been  caused 
by  changes  in  •  thermocouple  readings  resulting  when  solid  contact 
was  periodically  made  and  lost  between  various  thermocouples  and 
the  surfaces  of  their  positioning  holes.  Such  events  are  common 
occurrences  when  attempting  to  measure  temperatures  of  solids  in 
a  high  vacuum  environment,  and  can  be  particularly  troublesome  in 
the  range  of  temperatures  encountered  at  the  Ti  sites.  These 
temperatures  are  not  quite  high  enough  to  achieve  equilibrium  by 
radiant  heat  transfer  nor  low  enough  in  this  case  to  permit  the 
use  of  ceramic  cements,  since  such  cements  tend  to  react  with  the 
thermoelectric  and  barrier  materials. 

Three  efficiencies,  r|Mi,  j  and  Tjujo#  defined  in  Table  4, 
are  determined  in  this  test.  Only  corresponding  to  the 

power  output  of  the  generator  in  a  matched  load  circuit  for 

the  actual  ATnp  involved,  and  qjyjoj  the  efficiency  based  on  the 
normalized  or  adjusted  power  output  {PM2) >  were  plotted  in 
Figure  23  through  25  .  The  values  of  rjjyi,  and  were  usually  so 
close  that  it  was  impractical  to  distinguish  between  their  plots. 

As  for  the  advanced  laboratory  model  tests,  the  power  input 
to  this  generator  was  determined  by  subtracting  estimated  con¬ 
ductive  and  radiative  heat  losses  from  the  total  pov/er  (bus  bar) 
input.  The  resulting  generator  efficiencies,  as  shown  in  Table  4 
and  Figure  23 ^  initially  increased  slightly  with  time.  It  is 
felt  that  improved  generator  test  conditions, rather  than  improve¬ 
ment  of  MRC  thermoelements,  were  responsible  for  this  rise. 

Figure  26  presents  a  top-to-bottom  temperature  profile  of 
the  average  Ti  temperatures  in  this  generator,  with  the  origi.nal 
tungsten  heater  of  evenly  spaced  spiral  colls  in  place. 

The  rather  large  (220°C)  difference  in  temperatures  between  its 
ends  and  center  prevented  the  generator  from  reaching  its  full 
design  capability.  This  generator  could  produce  about  20  v/atts(e), 
vjith  each  tier  operating  with  an  average  Th  of  1200°C  and  an  average 
ATnp  of  600 °C. 
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po«r  cucput  for  condition  not«4.  (*)  fife  *••*«  on  •  «  i>f  5<JJ.  Ua->*«n  ?7*.  ►«.  •lafonrt 

thU  t!»..  Ph,  !>  t>n«4  on  a  4T  of  600X.  (3)  CiJ«*Ut»4  trficiwp  oali*  '.('•)  Ca!<M;tta4  affl?l.n*»  uslnc 

It)  affltlantj  o«lii«  t*»«4  on  a  »t  of  '3’f.  ^ra .  C>yon4  t' la  tu», 

Pjl-  It  oT  1  4T  of  600*C. 


Figure  24.  Performance  Characteristics  of  Improved  Mode 
Generator  from  6 2nd  "Through  the  122nd  Day  of 
Operation 
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Figure  26.  Thermal  Prof: 

Generator 


In  an  attempt  to  smooth  Its  temperature  profile,  a  new  spiral 
heater  was  made  which  employed  fewer  colls  at  Its  center  and  more 
at  Its  ends.  On  the  38th  day  (9IO  hrs . )  the  generator  was  cooled 
to  room  temperature  and  the  new  heater  was  Installed.  At  Th  tem¬ 
peratures  below  1000 °C  the  thermal  profile  was  appreciably  more 
even  than  It  had  been  with  the  original  heatei*.  However,  as  the 
Th  temperature  rose  to  1200 °C,  the  thermal  profile  again  closely 
approximated  that  In  Figure  26,  for  the  original  heater.  It  be¬ 
came  apparent  that  the  heat  conducted  from  the  ends  of  the  gen¬ 
erator  via  the  heavy  cross-section  of  the  graphite  vapor  shield 
(between  the  heater  and  the  hot-Junctlons ) ,  plus  the  cooling 
effect  of  radiant  heat  from  ends  of  the  genei’ator,  counteracted 
the  gains  made  with  the  modified  heatei*. 

As  shown  In  Figure  23 j  some  gain  In  power  output  (Pm-,  and 
PMo)  appeared  to  result  from  Installation  of  the  modlf led'^heater . 
Prom  the  43rd  day  of  the  test  the  Improvement  In  and  P^^ 
tended  to  parallel  an  Increase  In  Th,  and  a  corresponding  Increase 
In  the  Internal  resistance  of  the  generator  was  encountered. 

The  fact  that  the  power  output  of  the  generator  lnci*caoed 
slmul taneously  with  the  Internal  resistance  was  somewhat  mysti¬ 
fying  until  several  radiator  fins  were  noted  to  be  In  close  prox¬ 
imity  to  the  metal  heat  sink.  It  appears  that  prior  to  this  time, 
they  might  have  been  touching  the  heat  sink,  producing  an  appar¬ 
ently  low  generator  resistance  and  a  correspondingly  low  power 
output.  On  resumption  of  tests,  the  gradual  Increase  noted  In 
the  pov;er  output  and  resistance  of  the  generator  was  probably 
the  result  of  gradual  separation  of  the  radiator  hoat-slnk 
component . 

The  power  and  Internal  resistance  of  the  generator*  lnor*oaood 
steadily  to  an  adjusted  peak  value  (Pm?)  of  about  17  watts(e)  and 
1.35  ohms,  20  days  (1308  hrs.  of  operation)  after*  the  attempt  was 
made  to  correct  the  thermal  profile  problem.  At  1500-hro . 

(62nd  day)  of  operation,  a  series  of  tests  was  conducted  to 
determine.  If  possible,  which  section  of  the  generator  might  have 
contributed  to  the  Increased  Internal  resistance  noted  from  the 
1308th  hr.  (54th  day).  Tests  consisted  of  oper^ating  the  gener*aioi' 
at  carefully  stabilized  "no  load"  conditions  and  using  the  tem¬ 
perature-measuring  thermocouples  as  voltage  probes  fc  *  resistance 
measurements.  Calculations,  based  on  the  probe  measurements  of 
Individual  tiers,  indicated  no  abnormalities  In  thelx*  resistances, 
CO  the  Increase  In  the  resistance  of  the  generator  was  Judged  to 
be  the  result  of  reducing  electrical  shorts  between  its  fins  and 
the  heat  sink  unit. 

At  the  conclusion  of  the  no-load  test,  the  generator  was 
restored  to  approximate  matched-load  operating  conditions.  After 
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1956  hrs .  the  resistance 
value  of  about  1.39  ohms 
to  15.^  wa^ts(e). 


nF  FhA  c'ian<sr'S  Frir*  -i  ri  -'r>oci  ooH  -t-r, 
—  -  - -  — «  — 

vfhile  the  adjusted  power  (PM2 


a  j-iiaa  Ir 

—  j-  —  ~ 


)  dropped 


The  general  rise  in  power  and  internal  resistance  which 
occurred  to  1956  hrs .  was  similar  to  the  performance  exhibited 
by  the  advanced  laboratory  model  generator  (50-watt(e).  Such 
changes  in  power  and  resistance  were  apparently  due  to  improvements 
in  the  performance  of  various  components  (e.g.,  thermoelements 
TEC-1  coating  and  contacts ),  which  are  not  readily  detected  by 
present  monitoring  techniques  but  v;hich  do  work  to  the  advantage 
of  generator  power  output  over  a  long  period  of  time. 

Beginning  at  198O  hrs.,  as  shown  in  Figure  24,  a  sudden  re¬ 
duction  in  the  internal  resistance  of  the  generator  indicated 
that  partial  electrical  shorting  conditions  were  again  being  en¬ 
countered.  The  generator  was  cooled  to  room  temperature  at 
2172-hrs.  and  examined.  It  was  found  that  the  bottom,  part  of  the 
graphite  vapor  shield,  used  to  protect  the  hot  junctions  of  the 
generator  from  vaporized  heater  metal,  was  touching  the  junctions 
in  one  of  the  tier-s  of  thermoelements.  A  new, thin-walled  vapor 
shield  was  prepared  and  Installed  in  an  attem.pt  to  correct  the 
electrical  short  condition  and  to  reduce  conduction  heat  losses 
from  the  central  cavity  of  the  generator. 


i  In  addition  to  replacing  the  heater  vapor  shield,  a  new 

I  tungsten  resistance  heater  wa.?  installed.  This  heater  was  fabri- 

I  Gated  with  fewer  coils  in  its  central  section  and  with  closely 

I  spaced  ones  at  its  ends. 

I  While  the  generator  was  exposed  at  room,  temperature,  nieasure- 

I  ments  were  made  which  showed  that  the  electrical  resistance  of 

j  its  thermal  insulation  had  decreased  by  an  order  of  magnitude  or 

I  more.  Such  a  loss  of  electrical  resistance  in  the  ther.mal  insu- 

I  lation  could  account  for  the  low  internal  resistance  and  reduction 

I  in  power  output  of  the  generator.  No  changes  in  the  electrical 

I  insulation  were  made  at  this  time. 


After  reassem.bling  the  generator  and  returning  it  to  nor.mal 
(Th  of  1200 ’’C)  operating  conditions,  the  corrected  power  output 
{PJVI2)  was  about  l4  watts(e),  with  an  internal  resistance  of 
1.13-chms.  During  the  remainder  of  the  sustained  life  test, 
random  fluctuations  continued  to  occur  in  the  power  output  and 
internal  resistance  of  the  generator.  Such  fluctuations  appeared 
to  be  the  com.bined  result  of  intermittent  and  partial  electrical 
shorts  between  one  or  more  radiator  fins  and  the  .metal  heat-sink 
shield,  and  degradation  of  the  electrical  properties  of  its 
thermal  insulation. 
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At  the  conclusion  of  the  life  test,  thi  generator  had  ^ 
successfully  operated  for  35^8  hours  in  a  vacuum  of  10"5-i0“°  torr 
wJth  its  hot  Junction  at  about  1200 °C.  During  the  last  l6  days 
of  the  test,  output  for  the  generator  dropped  by  about  or  a 
total  of  6%  during  the  3508  hours  of  its  operation.  Such  a  drop¬ 
off  in  power  output  of  the  generator  after  3200  hours'  cceraulon 
is  believed  to  be  the  result  of  further  I’apid  deterioration  of 
the  electrical  properties  of  its  thermal  insulation. 


4.  Thermal  Cycling 

Imjnediately  following  the  conclusion  of  the  sustained  per¬ 
formance  test,  the  heater  control  system,  was  switched  to  a  cam 
program  control  and  thermal  cycling  initiated.  The  generator 
was  subjected  to  264  thermal  cycles  in  which  peak  cooling  rates 
of  240-250 °C/m_n .  were  reached  each  cycle.  Output  of  the  gener¬ 
ator  decreased  by  3%  during  the  250  hours  of  operation  required 
to  complete  the  thermal  cycling  tests.  Total  degradation  of 
the  generator,  after  3772  hours  of  operation,  including  264 
therm.al  cycles,  was  about 


5.  Performance  Analysis 

Following  completio.n  of  the  duration  and  thermal  cycling 
tests,  the  generator  was  partially  disasse.mbled  and  its  various 
components  examined.  Figure  27  is  a  photograph  of  the  generator 
during  the  process  of  disassembly.  The  top  cap  and  top  insulation 
have  been  re.moved,  exposing  the  heater  and  vapor  shield.  All 
interior  insulation  has  been  removed  prior  to  examination  of  t.he 
thermal  ele.ments. 


The  spiral  wound  tu.ngsten  heater  on  a  thoria  core  may  be  seen 
in  the  center  of  the  asse.mbly  in  Figure  27-  Concentric  about 
the  heater  is  a  graphite  vapor  shield,  which  shows  as  a  thin 
gray  ring  about  the  tungsten  heater  in  the  photograph.  A  boron 
nitride  Insulating  ri.ng,  used  to  electrically  insulate  tiers> 
is  visible  as  the  white  ring,  concentric  about  rhe  vapor  shield 
and  mounted  upon  the  top  graphive  tier  visible  as  a  gray  area  on 
either  side  of  the  white  ring.  Insulating  ceramiic  Junctions  be¬ 
tween  ring  segm.ents  are  shown  at  2,  5j  8  and  11  o'clock  positions 
in  Figure  27.  These  are  visible  as  raised, white  surfaces  on 
the  outer  surface  of  the  central  graphite  ring.  Inspection  of 
these  ceramiic  Junctions  showed  that  they  had  net  been  affected 
by  the  duration  and  thermal  cycling  tests.  The  top  tier  of  l6 


thermoelem>ents  is 
at  their  hot  ends. 


visible.  Joined  to  the  graphite 
At  approximately  the  7  o'clock 


ring  segments 
position,  a 
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Figure  27-  Partially  Disassembled  Generator  Shown  Within 

Water-Cooled  Heat  Sink  and  with  its  Top  Ceramic 
Cap  and  Thermal  Insulation  Removed 
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small  hole  is  seen  at  the  hot  end  of  a  thermoelement.  This  hole 
was  used  for  locating  and  i.nsertion  of  a  tungsten-rhenium  thermo¬ 
couple  monitoring  probe.  Thermoelement  segment  interfaces  can 
be  seen  in  somie  cases  by  noting  the  innermost  junction  between 
the  metallic-appearing  bands  of  MCC  kO  materials  on  the  cold  end 
of  each  leg  and  the  dull  grey  segments  near  the  center  of  the 
generator . 

Affixed  to  the  thermoelement  cold  ends  are  the  copper 
radiator  straps  and  radiator  fins.  The  •'■adiator  fins  normally 
extend  between  the  heat-sink  fins  and  are  coated  with  TEC-1  for 
increased  emlssivity.  The  interior  surfaces  of  the  heat  sink 
were  also  painted  with  TEC-1.  The  coated  surfaces  of  the  gen¬ 
erator  fins  were  not  noticeably  dereriorated  by  the  generator 
testing.  However 3  some  sublimation  of  various  materials  was 
found  condensed  on  these  cold  surfaces.  The  junctions  between 
the  copper  cold  straps  (radiators)  and  the  element  cold  ends 
appeared  to  be  unaffected  by  the  tests.  Some  radiator  fins  can 
be  observed  to  be  in  direct  contact  to  heat-sink  fins,  but  this 
situation  was  caused  by  the  generator’s  shifting  position  during 
its  disassembly.  Tc  and  Ti  thermocouples  can  be  observed  as 
narrow, white, radiating  lines  at  6,  and  8  o'clock  positions. 
Current  and  voltage  straps,  somewhat  out  of  focus,  are  shown 
attached  to  the  cold  strap  at  the  10  o'clock  position. 

The  photographs  shown  in  Figures  23  and  29, respectively , 
show  representative  remmiants  of  the  thermal  insulation  and  a 
close-up  of  representative  portions  of  the  therm.al  insulation 
(Piberfrax)  after  it  was  removed  from  the  generator.  As  in¬ 
dicated  in  Figure  28,  the  insulation  was  considerably  miore 
friable  than  when  it  was  first  installed  in  the  generator. 
Additionally,  it  was  badly  discolored  except  where  it  v;as  in 
close  proximity  to  the  hot  (1200°C)  sections  of  the  generator. 

Figure  29  shows  a  narrow, wavy  band  of  light-colored  mate¬ 
rial  extending  the  length  of  representative  strips  of  thermal 
insulation  that  was  installed  parallel  with  the  vertical  rows 
of  thermoelements.  The  light-colored, wavy  bands  mark  lines  of 
constant  temperature,  showing  how  the  thermal  flux  varied  top- 
to-bottom  and  outv;ardly  from  the  central  hot  sections  of  the 
generator . 

In  an  earlier  discussion  in  this  text,  the  question  of 
deterioration  of  the  electrical  insulating  properties  v:as 
raised.  Pertber  examination  now  discloses  that  the  electrical 
resistance  of  the  thermal  insulation  that  was  used  to  minimize 
thermal  shunt  losses  in  this  generator  had  Indeed  d'Sgraded  and 
probably  created  electrical  shunt  losses. 


Figure  29.  Closeup  of  Representative  Strips 
of  Thermal  Insulation  Removed 
from  the  Improved  Experimental 
Generator  after  3772-hrs  operation 


with  the  exception  of  Insulation  Immediately  adjacent  to  the 
hot-strap  portions  of  the  thermoelements,  the  resistance  of  the 
thermal  Insulation  had  decreased  from  a  value  of  about  20  megohms 
(for  new  Insulation)  to  10,000  to  200,000  ohms  for  Insulation 
that  had  been  subjected  to  operating  conditions  encountered 
during  dui'atlon  tests  of  the  generator.  When  using  conductive 
flat  bar-type  probes,  placed  parallel  and  l/2  inch  apart  across 
the  width  of  longitudinal  strips, shewn  In  Figure  29,  resistance 
varied  from  ^00-800  olims .  Since  such  measurements  were  made  at 
room  tempera v.ui'e ,  it  Is  estimated  that  similar  measurements 
raade  at  the  elevated  temperatures  encountered  In  the  generator* 
would  show  resistance  values  as  low  as  40-80  ohms.  Such  a  large 
decrease  In  the  electrical  resistance  of  the  insulating  material, 
coupled  with  the  fact  that  thl.s  Insulation  was  generally  In 
contact  with  as  much  as  of  the  surface  of  each  thermoelement, 
suggests  that  a  majority  of  the  power  losses  experienced  during 
the  latter  stage  of  the  performance  tests  were , Indeed ^caused  by 
electrical  shorting  between  the  thermoelements. 

An  additional  factor,  which  will  require  future  examination 
of  the  thermal  insulation,  Is  the  possible  deterioration  of  the 
thermal  conductivity  of  this  material.  Lowered  electrical 
properties  suggest  that  the  thermal  insulating  properties  of  the 
insulation  may  also  have  degraded  significantly  .  with  a  corre¬ 
sponding  increase  In  thermal  shunt  losses. 

An  examination  was  made  for  broken  thermoelements  by  visual 
and  probe  inspection.  Element  3^3,  an  a-type  thermoelement 
shown  In  the  center  tier  of  Figure  20,  was  found  broken  at  the 
Ti  site.  Failure  of  this  thermoelement  did  not  appreciably 
affect  the  performance  of  this  parallel-series  connected  gen¬ 
erator,  attesting  to  the  value  of  redundancy  in  generator  cir¬ 
cuitry.  Failure  of  this  single  element  would  account  for  less 
than  1%  of  the  povjer  loss  experienced,  leaving  the  oot^riornted 
insulation  and  possiuiy  some  thermoelement  degradation  to  account 
for  the  major  power  losses. 

With  the  exception  of  the  broken  element  and  the  degraded 
thermal  Insulation,  all  other  components  of  the  generator  ap¬ 
peared  unaffected  by  theii-  prolonged  exposure  to  vacuum  and  hlgh- 
temperature  conditions. 

The  results  of  this  evaluation  and  performance  analysis 
clearly  show  that  there  Is  a  need  for  better  long-lived  thermal 
Insulation  for  Improved  high -temperature , space- type  power  gen¬ 
erating  systems.  Because  of  the  significant  effect  that  the  deg¬ 
radation  of  Its  thermal  Insulation  had  In  the  power  output  of 
the  generator.  It  is  likely  that  degradation  of  Its  thermoelectrl 
components  was  less  than  half  of  the  9%  decrease  experienced. 


More  specifically,  it  is  estimated  that  the  thermal  Insulation 
accounted  for  of  the  loos  in  power  output,  with  degradation 
from  all  other  causes  (including  a  broken  thermoelement)  amount¬ 
ing  to  about 
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sustained  testing  and  therniai  cycling.  Electric  power^  providing 
energy  to  the  required  high- temperature  heat  soui’ces,  would  he 
supplied  by  either  the  2~IO/A  transformer  built  into  the  Veeco 
unit,  or  by  the  10-KVA  step-down  transformer  shown  to  the  right 
of  the  Veeco  Aoi  in  Figure  30.  The  2-K/A  transformer  may  be  con¬ 
trolled  manually  or  automatically.  The  automatic  control  circuit 
consists  of  the  Thermae,  Regulator,  Magnetic  Amplifier,  and 
Saturable  Reactor  shown  to  the  right  in  Figure  30..  The  remaining 
two  items  i.n  this  grouping,  the  Data-Trak  and  Percentage  Timer, 
are  used  to  supply  the  desired  thermal  cycling  or  long-teim  life 
test  programs  to  tne  control  equipment.  Two  multipoint  recorders 
(shown  to  the  left  in  Figure  30).  are  used  to  collect  data  as  the 
various  tests  are  run.  A  selector  sv;itch  is  provided  in  order 
that  i.ndividual  data  lines  may  be  accurately  sampled  by  a  milli¬ 
volt  potentiometer. 


Component  selection  for  the  test  facility  was  based  on  re¬ 
liability  and  compatibility  with  the  task  requirements.  Additions 
attention  was  devoted  towar-d  making  the  test  facility  versatile. 
Several  modifications,  with  respect  to  Monsanto  Research 
Corporation ' s  test  facility,  were  made  to  insure  safety  to  RTD 
personnel  and  equipment. 


Further  description  of  some  o*'’  the  features  of 
of  equipment  shewn  in  Figure  30  fo_lows. 


^  0  —  \  cl  c  u  urn  u  n  ^  ^ 


This  unit  is  t  high  (10~(  torr)  vacuu.m  system  comrrised  of  an 
l-S-in,'h  X  50-inch  bell  jar,  pumping  system,  Evapatrol,  and  a 
RG-3A  Ionization  Gauge  Control.  The  Evapatrol  consists  of  an 
autotransforrner  and  a  mrultiple  tapped  secondary  step-do\>;n 
transformer  wich  a  2-KVA  capability  The  2-KVA  unit  can  be  use 
for  fiiisce:  lanecus  filament  and  generator  heat  source  de.mands . 


rlgure  30.  Functional  Diagram  of  T  Jt  Fr-.'-llity  for  KTD 


It  Ic  a  convenient  unit  I’oi’  both  manual  and  automated  control  ol 
heat  sources  used  In  testing  genei’ators.  The  versatility  of  the 
Veeeo  ^01  unit  was  enhanced  by  the  following  modifications: 

a.  The  vacuum  boll  Jar  and  base  plate  can  bo 
mechanically  raised  to  allow  easy  access  to 
feedthroughs  and  octal  headers. 

b.  Wiring  changes  provide  heater  element  and  heat 
source  dropout,  should  power  failure  and  subsequent 
loss  of  vacuum  occui'.  A  manual  reset  Is  required 
to  restore  the  heater  power  supply. 

c.  Both  the  auto transformer  and  the  step-down  transformer 
(2-KVA  system)  were  wli‘cd  to  Hubbell  connectors  on  the 
front  panel  of  this  uult,  allowing  for  full  or  partial 
Interconnections  for  manual  and  automatic  control. 
Automated  control  equipment  Is  directly  adaptable  to 
either  a  2-KVA  unit  or  a  10-KVA  power  unit,  both  of 
which  were  provided. 

d.  An  additional  meter  was  supplied  to  record  the  voltage 
applied  to  the  heat  soui'ce. 

e.  A  panel,  comprising  a  variable  0-100  ohm  load  and 

a  precision  four  terminal  current  shunt,  was  mounted 
on  the  rear  of  this  unit. 


2.  Data-Trak  and  Percentage  Timor 

‘  '  l.-l.,  in  the  multiple  unit  panel  at  the  right 

of  Figure  30,  offers  a  linear  polentlometei*  output  In  response 
to  a  metallized  paper  pi-ogram  chai’t.  Normally,  the  time  variable 
Is  controlled  by  manual  changing  of  gear  ratios  and/or  motor 
drives.  A  remote  control  Is  available  which  applies  DC  braking 
bias  to  the  drum  motor,  Intei'ruptlng  motion.  By  use  of  the 
Percentage  Tlmei’  and  this  remote  control  feature,  the  pi’ograin 
functions  can  be  extended.  Undei’  these  c:ondltlono,  all  ramp 
functions  become  multi-step  functions.  Howevei’,  thermal  Inertia 
of  the  heater  and  surrounding  media  cuppressec  the  mult'-ctcp  Input 
and  createsa  smooth  thermal  change.  This  whole  feature  allows 
many  time  pattei'n  vai*latlons  without  having  to  alter  pi'ogram 
charts  or  gear  ratios. 


3.  Thermae 

This  unit  Is  also  shown  in  the  I'lght  panel  of  I'lgure  30. 
The  device  accepts  the  potentiometer  output  of  the  Dnta-Trak, 
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and  by  means  of  comparison  to  a  sampling  thermocouple,  originates 
the  heater  control  signal.  The  unit  also  has  manual  control 
(open  end),  set  point  control,  and  output  limiting. 


U,  Magnetic  Amplifier  and  Saturable  Reactor 

A  Flncore  magnetic  amplifier  and  saturable  reactor,  a.s  sh^’’". 
In  the  right  panel  of  Figure  30,  provide  the  final  linkage  to  the 
10-KVA  or  2-KVA  transfoi’mer .  The  magnetic  amplifier  accepts  the 
control  signal  from  the  Thermae  and  supplies  the  control  bias  to 
the  saturable  reactor  accordingly.  The  reactor  will  operate  from 
a  220/^40  volt  source  and  be  capable  of  a  10-irvA  output. 


10-KVA  Transfoimier 

This  unit  is  shown  In  the  lower  right  of  Figure  30,  adjacent 
to  the  Veeco  unit.  The  primary  was  wired  for  220-440  VAC  and 
the  secondary  tapped  for  4,  10,  20,  40  VAC  output.  Connections 
between  this  unit  and  the  saturable  reactor  were  made  by  cable 
and  Hubbell  connectors.  Selection  of  either  the  10-KVA  ti’ans- 
former  or  2-KVA  transform.er  was  made  at  the  base  of  the  bell  Jar 
by  means  of  bolt-on  connections  to  the  heater  feedthroughs. 


6.  Regulator 

This  device  is  also  shown  In  the  right  panel  of  Figure  30, 
and  Is  a  Barber-Coleman  current  regulator.  Its  purpose  is  to 
prevent  excessive  heater  current  during  Initial  warm-up .  Since 
heater  element  resistance  Inci’eascs  with  temperature,  overloading 
of  the  equipment  will  occur  at  Initial  warm-up.  However’,  thiO 
current  egulator  measures  the  heater’  current  by  moans  of  a 
current  transformer  and  modifies  the  input  impedance  of  the 
magnetic  amplifier.  This  unit  has  a  manual  set  limit  pr’ovlded 
by  an  external  control  potentiometer'. 


7»  Current  Transformers  and  Switching 

Two  cur’rent  tr’ansformers  ar-e  necessary  for  feedback  infor¬ 
mation  to  the  Bar’ber-Colcman  unit  Just  discussed.  One  is  pr’ovided 
with  the  Veeco  unit  and  housed  wlthirr  the  vacuum  unit.  The 
second  Is  mounted  above  the  10-KVA  transfoi’mer  (shown  in  same 
panel  as  10--KVA  tr’ansfor’mer-  in  Figur’e  30  ) .  The  Veeco  unit  has 
taps  for’  pr’imary  cur’r’ents  of  0-100  amper-cs  and  0-400  amper’es. 

The  second  cur-rent  tr’ansformer’  has  taps  for*  100,  200,  400  and 
800  ampere  ranges.  In  all  I’anges,  for-  both  cur'r-ent  transfor’mers , 


83 


second  iry  currents  will  be  5  amperes  full  scale.  Since  hign 
po&entiais  can  exist  across  the  secondarj^  windings  when  unloading 
the  transformer,  a  3-pole,  2-position  switch  with  self-shorting 
action  is  used  for  selection  of  either  unit.  A  0.5  ohm  load  is 
used  across  the  unused  current  transformer  at  all  times,  pre¬ 
venting  any  lethal  voltages. 


8.  Multipoint  Recorder 


Two  Speedomax  or  similar  units,  shown  in  rhe  left  panel  of 
Figure  30,  having  twelve-point  capacity"  and  strip  chart  drive, are 
required.  One  recorder  is  used  for  thermocouple  monitoring.  The 
other  is  equipped  v;ith  voltage  divider.?  for  accurate  reduction 
of  any  voltages  which  exceed  the  50~millivolt  recorder  range. 

Easy  access  to  both  recorders  allows  for  rearrangement  of  this 
concept . 


9.  Potentio.meter  Selection  Sv;itch 


This  switch  is  shown  below  the  recorders  in  Figure  30*  This 
2^-position,  2-pole,  selector  switch  terminates  in  a  pair  of 
output  terminals  for  monitoring  with  a  manual  laboratory-type  milli¬ 
volt  potentiometer.  The  potentiometer  is  not  supplied  as  part  of 
the  test  facility. 

The  facility  consists  of  two  major  circuits,  the  heater  con¬ 
trol  and  data  recording  circuits.  Figures  31  and  32,  respectively, 
illustrate  the  wiring  details  and  interconnections  of  the  various 
pieces  of  equipment  -which  comprise  the  test  facility. 

The  completed  test  facility,  described  in  Figures  3C,  31  and 
32,  is  shovm  in  Figure  33-  After  initial  assembly  and  testing, 
the  improved  experimental  model  generator  "as  installed  in  the 
unit.  The  RTD  facility  w-as  in  sustained  cperation  for  32'7’2  hours, 
maintaining  a  hot-junction  temperature  of  about  12C0°C  and  at  a 
vacuum  of  10~5  to  10” 6  torr,  providing  therm.al  cycling  conditions 
as  required.  The  only  problems  encountered  with  the  facility 
were  centered  about  the  temperature  controller  which  failed  in 
setpoint  mode  several  times.  The  circuit  board  was  returned  to 
the  factory  and  repaired  each  tim.e.  During  repair  of  this  com¬ 
ponent,  the  facility  -was  operated  in  manual  mode  for  approximately 
50c  hours . 

Performance  of  the  facility  during  the  duration  and  thermal 
cycling  tests  of  the  improved  excerimental  model  generator  pi'oved 
its  capability  for  long  (50C0-hr.),  sustained  life  tests  and*  many 
(500)  thermal  cycle  evaluations. 
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Figure  32.  Recording  and  Load  Circuit  Diagram  of  Test  Facility  for 
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D.  COMPOK^HT  RESPJAHCH 


1.  Junction-Forming  Technique 

It  was  necessary^  due  unexpected  problenis  encountered 
during  operation  of  the  improved  laboratory  model  (50--watt) 
thermoelectric  generator^  to  expend  effort  on  portions  of  this 
phase  in  agnitudes  not  originally  intended.  Nevertheless, 
significant  progress  was  made  towards  achieving  project  goals  and 
advancing  the  state  of  the  art. 

Considerable  effort  was  expended  under  this  phase  in  an 
attempt  to  solve  the  problem  of  the  intermediate-junction  tem¬ 
perature  limitations  revealed  when  they  were  exc-^eded  in  the 
50-watt  generator.  Although  single  thermoelements  and  multi¬ 
element  couples  survived  long-time  (>lCOO-hrs.)  duration  testing, 
the  incorporation  of  thesL^  elements  into  the  ring-type  generator 
design  resulted  in  a  change  in  thermal  profiles  along  the  thermo¬ 
element.  These  thermal  changes  resul  ed  in  operation  of  uhe 
MCC  40  segments  at  tempera tursr  above  their  operating  range  and 
an  early  demise  at  their  junction  with  the  graphite  intermediate. 
The  mechanism  of  failure  was  found  to  be  the  chemical  reaction 
of  one  component  with  the  graphite.  The  melting  point  of  the, 
compounds  formed  by  this  reaction  was  found  to  be  sufficiently 
lower  in  magnitude  to  cause  an  incipient  melting  condition  at  the 
bonds.  Once  this  condition  was  initiated,  ic  proceeded  in  a 
progressive  manner  and  resulted  in  the  catastrophic  failure  of 
the  thermoelement  at  this  junctior. .  The  immediate  problem  was 
solved  by  careful  screening  and  fabrication  control  to  insure 
safe  operating  temperatures  at  these  potential  sites  of  trouble. 


Extensive  effort  was  also  expended  to  modify  the  fabrication 
equipment  and  uechrclogy  in  order  to  produce  1/4 -inch  diameter 
thermoelements  for  construction  of  the  imiproved  experimental  gen¬ 
erator.  P-type  segmiented  ther.moelemer.us  were  produced  in 
diameters  of  l/4  inch  by  direct  extrapolation  from,  the  techniques 
used  for  production  of  3/3-inch  diaiteter  therm.oeiements  The 
L/A  ratios  of  the  s.mailer  ther.moelemients  were  increased  to  co.ifor.^ 


with  radiator  and  efficiency  goals 


the  i.mproved  experimental 


model  (j5-v;att),  as  well  as  the  necessity  of  limiting  the  Inter¬ 
mediate-junction  temperature  to  a  safe  operating  level.  The 
necessity  for  proper  matching  of  the rmoe ec trie  .material  segment: 
for  incorporation  into  a  device  was  grap.ricaliy  demonstrated  by 
the  considerable  difficult'^  encountered  when  char^glng  the  n-type 
thermoelements  from,  the  5/3-inch  dlamieter  used  In  the  advanced 
experimental  m.cdel  generalo'*-  to  the  1/4 -inch  dia.mieter  required 
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i/a  ratio  significantly  aggravated  the  thermoelectric  property 
mismatch  between  the  n-type  MCC  60  and  MCC  40  segments.  This 
mismatch  in  properties  occurs  when  either  the  generated  voltage 
or  the  internal  electrical  resistance  deviates  sufficiently  be¬ 
tween  two  series-connected  material  segments, and  results  in  a 
decrease  in  power  output.  The  assignment  of  primary  effort  to 
this  problem  resulted  in  an  adequate  solution  by  means  of  technique 
modifications  and  improved  control  in  the  fabrication  of  the 
elements.  L/A  ratios  were  successfully  increased  from  2.3  cm”^ 
to  about  5*5  cm”l. 

•fhe  s\;ccesslve  scaling  down  of  thermoelements  fr  i  '’-/2-lnch 
to  3/8“inch  to  l/4-lnch  diameters  during  this  period  revealed  a 
proportionate  increase  in  the  sensitivity  of  thermoelectric 
properties  to  the  variables  inherent  in  the  fabrication  techniques. 
The  modification  and  control  solutions  developed  were  probably 
not  optimum,  due  to  time  limitations,  but  permitted  the  production 
of  1/4 -inch  diameter  thermoelements  ranging  from  0.1  to  0.2  watts 
power  output  for  both  p-  and  n-type  segmented  elements  operating 
at  the  generator  de-c.ign  temperatures  of  about  1200 ®C  Thj  850®C 
Ti  and  500®C  Tc . 

One  of  the  major  fabrication  variables  controlled  was  that 
of  material  density.  This  problem  of  thermoelement  density 
variations  was  traced  to  unpredictable  variations  in  friction  be¬ 
tween  hot-press  die  parts.  In  conjunction  with  the  greater  surface 
to  mass  ratio  in  1/4-inch  diameter  thermoelements,  this  became 
such  a -large  percentage  of  the  total  pressure  required  that  it 
was  no  longer  a  negligible  value  as  .lad  been  the  case  in  consol¬ 
idation  of  larger  elements.  Additionally,  difficulties  were  en¬ 
countered  in  reproducibly  compounding  the  minute  quantities  (as 
1  raole-J^  additive  in  a  segment  weighing  less  1-han  1  gram)  of 
powdered  materials  required  to  produce  l/4-inr*  diameter  thermo- 
elementy.  Stringent  efforts  to  better  control  f  both  these 
variables  by  techJilque  refinement  resulted  in  a  sufficiently 
satisfactory  means  of  producing  the  desired  quantity  of  acceptat_e 
thermoelements  to  construct  this  generator. 

Effort  wa/  also  required  to  solve  the  problem  of  reproducing 
strong  bonds  in  the  more  fragile  l/4-lnch  diameter  elements.  The 
greater  L/A  ratios  In  these  elements  produced  greater  leverages 
on  the  bonds  between  the  thermoelectric  material  se©nents  and 
their  graphite  contacts,  resulting  jji  separation  problems  in  less- 
than-perfect  bonds.  Surface  preparation  of  the  graphite  was 
found  to  be  the  critical  factor  and,  after  evaluation  of  several 
rather  complicated  machining  methods,  simple  preparation  methods 
evolved  that  resulted  in  se^:ented  thermoelements  which  could 
not  be  broken  by  applying  strong  bending  forces  with  the  fingers. 


The  production  of  more  uniform  anJ.  shallow  serrations  in  the 
graphite  contact  was  found  to  result  in  improved  (powei'*)  Junction 
electrical  resistance  as  well  as  high  mechanica  l  sti’ength. 

Coarse  emery  cloth  was  found  to  produce  the  most  satisfactory 
surface  for  the  bonding  of  MCC  50  and  MCC  60  to  graphite  at  high 
fabrication  temperatures.  For  the  lower  temperature  bonding  of 
MCC  40  materials  to  graphite,  the  best  surface  was  produced  by 
rubbing  the  graphite  on  an  8-inch  double-cut  bastard  file,  in  a 
direction  parallel  to  its  teeth,  to  produce  uniform  grooves. 
Rotating  the  Surface  90®  and  repeating  the  process  produced  the 
quality  of  surface  required  for  good  bonding. 


An  investigation  was  undertaken  to  determine  the  electrical 
resistance  characteristics  attributable  to  various  portions  of 
the  thermoelements.  The  primary  purpose  of  this  study  was  to  ob¬ 
serve  the  range  of  resistance,  including  interface  transition 
zones  and  bonds,  of  the  individual  thermoelectric  material  segments 
and  the  graphite  end  contacts  by  obtaining  electrical  profiles  of 
multl-segnent  thermoelements  in  actual  operation.  Such  profiles 
furnish  indicative  data  on  where  work  is  needed  to  improve  both 
quality  and  reproducibility  in  genera tor- type  thermoelements.  A 
number  of  l/4-lnch  diameter  thermoelements  were  measured  in  vacuum 
at  T|i  temperatures  of  about  1200  ®C,  T±  of  about  875  ®C  and  T^ 
temperatures  of  about  480 ®C.  Temperature  readings  were  obtained 
by  thermocouples  implanted  at  the  Th,  Ti  and  Tc  sites  and  cor¬ 
roborated  by  radiation  pyrome try, where  applicable.  Values  were 
measured  using  current  probes  across  the  total  length  of  thermo¬ 
element  and  by  attaching  or  implanting  voltage  probes  (illustrated 
in  Figure  34  )  at: 
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the  output  end  of  the  graphite  hot-end  contacts; 


the  output  end  of  the  graphite  cold-end  contact. 


specific  points  of  interest  along  the  element.  Five  p-type 
and  fifteen  of  the  more  troublesome  n-type  1/4-inch  diameter 
thermoelements  were  measured  in  this  study  and  the  results  are 
tabulated  in  Table  5. 
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Figure  34,  Diag’^am  of  a  Typical  Themoelement  Showing 
Sites  of  Thermocouples  and  Voltage  Probes 
for  Electrical  Resistance  Measurem€!nts 


Table  5 


ELECTRICAL  RESISTANCE  OP  SEGMENTED 
1/U  INCH  DIAMETER  THERMOELEMENTS 


Resistance,  ohms 


Element 
No .  and 
Type 

Graphite 

Hot 

Contact(l ) 

MCC  50 

01^ 

MCC  60 
Segment^^ ' 

MCC  40(n) 
or 

MCC  40(pK 
Segment' 

Graphite 

Cold 

Contact!^  J 

Pull  " 
Length 
Thermo ■ 
Elemen' 

1-p 

0.0015 

0.0145 

0.0150 

0.0033 

0.0343 

2-p 

0.0016 

0.0178 

0.0203 

0.0029 

0.0426 

3-P 

0.0016 

0.0120 

0.0166 

0.0026 

0.0328 

4-p 

0.0017 

0.0177 

0.0106 

0.0020 

0.0320 

5-P 

0.0025 

0.0132 

0.0151 

0.0027 

0.0335 

1-n 

0.0022 

0.0312 

0.0181 

0.0034 

0.0539 

2-n 

0.0021 

0.0254 

0.0188 

0.0026 

0.0489 

3-n 

0.0037 

0.0317 

0.0294 

0.0036 

0.0684 

4-n 

0.0036 

0.0273 

0.0274 

0.0030 

0.0613 

5-n 

0.0034 

0.0318 

0.0141 

0.0030 

0.0523 

6-n 

0.0037 

0.0183 

0.0200 

0.0031 

0.0451 

7-n 

0.0025 

0.0170 

0.0309 

0.0022 

0.0526 

8-n 

0.0028 

0.0183 

0.0313 

0.0029 

0.0653 

9-n 

0.0057 

0.0290 

0.0252 

0.0027 

0.0626 

10-n 

0.0050 

0.0:36 

0.0237 

0.0021 

0.0434 

11-n 

0.0060 

0,0305 

0.0239 

0.0024 

0.0528 

12 -n 

0.0096 

0.0121 

0.0274 

0.0023 

0.0514 

13-n 

0.0017 

0.0196 

0.0240 

0.0023 

0.0476 

l4-n 

0.0027 

0.0115 

0.0199 

0.0026 

0.0457 

15-n 

0.0013 

0.0178 

0.0308 

0 . 0027 

0.0526 

(1)  Approximate  length  of  hot  graphite  contact,  1/4  Inch 

(2)  Approximate  length  of  MCC  50  and  MCC  60  segments,  5/l6  Inch 

(3)  Approximate  length  of  MCC  40p/40n  segments,  3/8  Inch 

(4)  Approximate  length  of  graphite  cold  contact,  l/2  Inch 


92 


Resistance  profiles  were  also  determined  ty  the  same  methods 
for  three  p-typ<.  and  three  n-type  multi-segmented  thermoelements 
of  3/8-inch  diameter.  These  results  are  tabulated  in  Table  6. 

The  electrical  resistance  was  calculated,  in  all  cases,  from 
measurements  of  the  current  produced  >'y  and  flowing  through  the 
operating  thermoelement  and  measurements  of  the  potentiometric 
voltage  drop  between  two  points  along  the  element.  Using  two 
measured  conditions  with  the  circuit  loading  varied  (usually 
open-circuit  and  matched-load  conditions),  the  actual  electrical 
resistance  (or  difference  in  resistance)  between  two  points  along 
the  element  was  calculated  by  dividing  the  difference  in  measured 
voltage  drop  between  these  points  by  the  difference  in  measured 
current.  This  four-point  pr-be  method,  using  the  electrical  out¬ 
put  of  the  thermoelement,  is  more  accurate  and  representative  of 
thermoelectric  behavior  at  temperature  than  such  methods  as  the 
classical  Kelvin  technique  of  passing  a  measured  current  through 
•a  material. 

In  general,  the  total  electrical  resistance  of  n-type  thermo¬ 
elements  was  higher  than  that  of  p-type  elements.  It  is  believed 
that  this  was  due  in  some  part  to  diffusion  of  components  of  the 
n-type  materials  into  the  graphite  contacts  during  fabrication. 
This  hypothesis  is  supported  by  observed  phenomena  and  reported 
under  Fundamentals  Investigations  in  this  contract  and  by  previous 
Monsanto  Company-sponsored  Junction  research.  Variations  in  the 
electrical  resistance  of  both  p-  and  n-type  thermoelectric  mate¬ 
rial  segments  also  appeared  to  generally  correspond  to  density 
variations  -  mentioned  earlier  as  a  fabrication  problem  for  1/4- 
inch  diameter  thermoelements.  The  randomness  of  the  high  resis¬ 
tance  points  as  to  their  occurrence  at  bonds.  Junctions,  and 
contacts  illustrates  the  complications  in  fabricating  complex 
multi-material  systems. 

The  resistance  values  reported  In  Table  5  are  representative 
of  values  for  single  material  segments  tested  in  the  past.  The 
electrical  resistance  of  graphite  contacts,  however,  were  previ¬ 
ously  measured  for  l/2-inch  diameter  thermoelements  and  found  to 
be  negligible.  As  indicated  by  the  data  of  Table  5,  for  l/4-.inch 
diameter  thermoelements  with  l/a  ratios  of  5*5  cm"-^-  as  compared 
with  1.9  cm”^  for  1/2  inch  diameter  thermoelements,  the  electri¬ 
cal  resistance  of  the  graphite  contact  is  not  negligible  and 
accounts  for  about  10^  of  the  total  thermoelement  resistance. 

The  data  of  Table  6  indicates  that  the  3/8-inch  diameter  thermo¬ 
elements,  having  an  L/A  ratio  of  2.3  cm“^,  were  unexpectedly 
worse  in  this  respect  with  Junction  and  contact  resistance  ap¬ 
proaching  and  exceeding  that  of  the  thermoelectric  material  in 
some  cases  -  at  least  38^  of  total  element  resistance.  Wi.lle  it 
should  be  noted  that  th  :se  elements  were  rejects  from  earlier 
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generator  construction,  the  primary  reason  for  rejection  was 
excessive  interface  temperature.  This  rejection  factor  and  the 
high  contact  resistance  are  probably  more  than  coincidence,  but 
it  is  believed  that  a  large  part  of  the  improvement  that  made 
the  production  of  lA-inch  diameter  thermoelements  feasible  dur¬ 
ing' the  duration  of  this  contract  is  the  result  of  the  extensive 
effort  expended  on  junction  improvement. 

Some  effort  has  also  been  expended  on  varying  temperature- 
pressure  cycles  in  the  fabrication  process  and  the  modification 
of  junction  zone  materials  between  thermoelectric  material  seg¬ 
ments.  While  these  efforts  did  not  produce  reproducible  or  use¬ 
ful  thermoe.lements,  the  lattice  structure  and  molecular  compound 
combinatio.'is  of  the  polycrystalline  MCC-based  thermoelectric 
materials  appear  to  be  sensitive  to  changes  in  fabrication  tech¬ 
nique.  The  techniques  utilized  in  the  fabrication  of  elements 
for  the  5C-watt  generator  permitted  reasonable  control  of  these 
variables  and  adequate  matching  of  thermoelectric  properties. 

The  state  of  the  art  is  not  developed  in  sufficient  degree  to 
produce  optimum  properties  in  these  materials,  but,  nevertheless, 
permitted  satisfactory  functioning  of  the  devices  in  which  they 
were  used. 

Attempts  to  improve  the  properties  of  the  MCC-based  thermo¬ 
electric  materials  by  varying  temperature-pressure  cycles  during 
hot-pressing  of  thermoelements  resulted  in  a  useful  side-effect. 
It  was  discovered  tnat  the  reaction  between  MCC  50  or  MCC  60  and 
graphite  could  be  produced  at  lower  temperatures  than  normally 
used.  Both  materials  were  joined  to  graphite  at  temperatures  as 
low  as  14C0°C,  producing  metallurgically  sound  and  mechani-.  ully 
strong  bonds.  This  increase  in  potential  range  of  cycle  vari¬ 
ation  offered  promise  for  the  eventual  exact  matching  of  thermo¬ 
electric  materials  to  device  design  requirements.  Both  MCC  50 
and  MCC  60  were  subjected  to  examination  under  the  l400°C  fab¬ 
rication  temperatures.  MCC  50, fabricated  under  these  conditions, 
exhibited  substantial  density  variations  between  the  ends  and 
the  center  when  segiient  lengths  in  excess  of  0.2  inches  were 
attempted,  rangi'^.g  from  about  85%  of  theoretical  density  at  the 
ends  to  as  low  as  30^  at  the  center.  The  variation  in  density 
resulted  in  high  stress  levels  i.n  the  specimens,  as  manifested 
by  high  sensitivity  to  mechanical  and  thermal  shock.  This 
problem  is  less  critical  in  the  MCC  60  material.  A  few  elements 
of  excellent  strength  and  stability  we'^e  produced  of  both  mate¬ 
rials  at  l400°C.  X-ray  diffraction  and  spectrcgraphic  analyses 
indicated  that  compounds  and  structures  similar  to  those  pro¬ 
duced  by  2000 °C  fabrication  resulted,  but,  as  tabulated  in 
Table  7.  parameter  measurements  revealed  drastic  changes  in 
thermoelectric  properties  including  electrical  resistivity, 
Seebeck  coefficient  and  thermal  conductivity  (indicated  by  AT). 
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Table  7 


PROPERTIES  OF  MATERIALS  FABRICATED  BY  HOT-PRESSING  AT  140Q °C 


Spec  . 

Material 

Th*  “C 

Tc,  “C 

AT,  °C 

S,uv/°c 

P,  ohm-' 

^TE-33N 

MCC  60 

1205 

764 

441 

38 

0.076 

LTE-35N 

MCC  60 

1145 

741 

404 

18 

0.020 

LTE-44P 

MCC  50 

1188 

608 

580 

309 

0.159 

LTE-23N 

MCC  60 

1199 

720 

479 

202 

0.052 

LTE-76N 

MCC  60 

1198 

1008 

190 

75 

0.033 

Since  the 

properties 

produced 

were  variable  and. 

In  genei’al 

,  below 

the  performance  of  the  units  produced  at  higher  temperatures, 

MCC  60  material  was  pressed  at  2050 ®C  and  crushed  to  powder.  The 
resulting  material  was  then  pressed  at  1400®C  In  an  attempt  to 
gain  a  better  understanding  of  the  mechanisms  Involved.  The  re¬ 
sulting  specimens  exhibited  properties  similar  to  those  of  mate¬ 
rial  that  had  not  been  ti'eatod  at  the  higher  temperatuj'e ,  in¬ 
dicating  that  a  definite  and  permanent  structural  modification 
was  produced  by  the  fabrication  temperature  variation.  While 
Initial  results  are  not  conclusive,  the  great  variations  which  can 
apparently  be  Induced  In  the  properties  of  MCC-typo  thermoelectric 
materials  by  modifications  in  formulation  and  fabrication  tech¬ 
niques  Indicate  great  promise  for  the  technology.  With  addition¬ 
al  understanding  of  the  art.  It  should  be  feasible  to  tailor-make 
a  thermoelec ti’lc  material  to  yield  optimum  performance  In  a  de¬ 
fined  application  without  real  or  significant  limitations  within 
characteristic  ranges,  which  appear  to  be  extremely  wide  In 
comparison  to  normal  semiconductors.  Useful  devices  are  presently 
produced  by  cut-and-try  methods,  since  present  understanding  of 
thermoelectric  phenomena  with  this  and  other  high- temperature 
materials  Is  limited.  Nevertheless,  the  technology  of  the  fore¬ 
seeable  future  appears  to  be  amenable  to  Improving  and  controlling 
thermal  conduction,  voltage  output,  electrical  conduction,  resis¬ 
tance  to  solid-state  diffusion* and  thermal  cycling  damage. 

An  Investigation  of  techniques  to  prevent  catastrophic  fail¬ 
ure  of  MCC  40-graphlto  bonds  when  exposed  to  high  temperatures 
for  long  periods  of  time,  was  undertaken  late  In  the  program. 
Previous  Monsanto  Research  Corporation- sponsored  research  on  en¬ 
capsulation  of  thermoelectrics  indicated  that  containment  of  the 
Junction  within  a  thin  refractory  shell  should  be  feasible.  Eval¬ 
uations  were  made  of  MCC  4o  thermoelements  hot-pressed  In  a  graphite 
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die  liner.  Results  of  Initial  tests  on  both  MCC  ^ON  and  MCC  60N, 
presented  in  Table  8  for  shells  of  0.010-0.020  inch  wall  thick¬ 
ness,  indicate  that  this  technique  could  improve  junction  stability 
and  decrease  the  problem  of  electrically  matching  thermoelectric 
materials  in  multi-segment  thermoelements. 


Table  8 


PROPERTIES  OP  ELEMENTS  FABRICATED  IN  GRAPHITE  SHELLS 


Spec . 

Thj  “C 

AT,  X 

S,  uv/X 

0,  ohm- cm 

P,  watts 

783 

903 

198 

236 

0.0017 

0.081 

(MCC  4Cn) 

997 

215 

233 

0.0016 

0.096 

1101 

249 

209 

0.0014 

0.117 

1204 

259 

184 

0.0015 

0.092 

785 

903 

243 

222 

0.0022 

0.089 

(MCC  40n) 

1000 

279 

213 

0.0021 

0.112 

1101 

304 

204 

0.0019 

0.133 

1203 

328 

187 

0.0018 

0.142 

79b 

1204 

313 

133 

0.0027 

0.042 

(MCC  60n) 


In  summary,  many  3/8-inch  diameter  and  1/4 -inch  diameter 
thermoelements  were  fabricated  under  this  subphase  of  the 
contract  for  the  purpose  of  evaluating  junction-forming  tech¬ 
niques  and  constructing  the  advanced  and  Improved  experimental 
model  generators.  While  considerable  effort  was  concentrated  on 
the  solution  of  unexpected  MCC  40  junction  failure  problems  in 
the  advanced  experimental  model  generator,  '_,abstantial  progress 
was  made  in  the  advancement  of  hot-press  rabrication  technology. 
The  operating  temperature  limits  of  MCC  40-graphite  junctions 
were  established  and  techniques  developed  to  keep  these  temper¬ 
atures  within  safe  limits  and  to  protect  the  junctions  against 
failure,  in  case  of  accidental  generator  overheating.  Extensive 
modification  problems  were  overcome  in  both  e'^uipment  and  tech- 
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niques,  caused  by  ajielement  size  reduction  from  3/8-inch  to  1/4- 
inch  diameters  and  the  resultant  increase  in  L/A  ratio  6'=‘sign. 

A  sufficient  number  of  good  quality,  smaller  elements  were  pro¬ 
duced  to  permit  construction  of  the  improved  experimental  model 
generator.  A  substantial  improvement  was  made  in  material  density 
control,  refinement  of  thermoelectric  powder  formulation,  and 
in  the  quality  and  reproducibility  of  junction  bonds.  Both 
mechanical  strength  and  electrical  conductivity  were  improved  by 
an  estimated  15-205^  during  this  program..  Electrical  resistance 
profiles  were  investigated  in  thermoelements  produced,  and  the 
sites  for  most  effective  improvement  and  the  methods  to  best 
accomplish  the  improvement  established.  An  investigation  of  the 
potential  variations  attributable  to  changes  in  fabrication  tech¬ 
niques  instituted  and  the  potential  scope  determined. 

Progress  in  advancing  the  state  of  the  art  of  junction-forming 
techniques,  while  not  as  extensive  as  would  have  been  desired, 
succeeded  in  both  solving  all  immediate  problems  submitted  to 
this  subphase  and,  simultaneously  broadening  the  base  of  knowledge 
necessary  to  perm.it  more  effective  use  of  thermoelectricity  in 
the  future . 
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2. 


Arc-Plasma  and  B'^lame- Spraying  Studies 


The  overall  objective  of  this  phase  of  the  concract  was  to 
continue  investigation  of  the  plasma  spray  technique  for  obtaining 
usable  thermoelements  of  any  desired  configuration,  with  emphasis 
on  encasing  a  cylindrical  substrate  with  segmented  thermoelectric 
materials,  appropriate  Junctions  and  leads,  for  evaluation. 

Although  the  arc-plasma  and  flame-spraying  facilities  were 
required  in  the  repair  of  the  5C-watt  generator  uo  a  considerably 
greater  degree  than  originally  anticipated,  all  goals  established 
initially  for  this  phase  of  the  experimental  v/ork  v/ere  achieved 
during  the  contract  period. 

The  large  heat  losses  and  high  fabrication  costs  which  are 
characteristic  of  chermoelectrie  generator  designs  employing 
radially  mounted  hot-pressed  thermoelements  could  be  significantly 
reduced  if,  for  example,  doughnut -shaped  thermoelenients  could  be 
produced  by  arc-plasma  and  flame-spraying  methods.  Spray  tecmiiques 
could  also  permit  greater  flexibility  in  the  shape  and  capacity 
of  thermoelectric  generators.  Thermoelectric  coatings  surrounding 
a  central  heat  source  could  ultimately  offer  high  current  or  volt¬ 
age  capability,  as  well  as  improved  thermal  efficiency,  owing  to  a 
reduction  in  the  heat  losses  v/hich  are  experienced  with  radially 
mounted  hot-pressed  thermoelements. 

The  technical  program  for  this  phase  of  the  project  consisted 
of  determining  the  spraying  techniques  required  to  produce  generally 
ac  jeptable  coatings  of  individual  p-  and  n-type  thermoelectric 
ma;erials  on  graphite  cylindrical  substrates,  attaching  electrical 
lead  wires  to  such  coatings,  and  screening  specimens  for  thermo¬ 
electric  characteristics,  thermal  shock  resistance,  and  selected 
physical  properties.  V/here  possible,  coating  properties  were  to 
be  correlated  with  process  variables  involved  in  the  spraying  and/or 
postspray  thermal  treatment  of  coated  specimens.  ?-  and  n-type 
segmented  thermoelements  were  to  be  produced  by  appropriately  com¬ 
bining  sprayed  hi’gn-  and  low-temperature  materials  and  promising 
segmented  specimens  were  to  be  screened  at  a  hot-J’juiction  tempera¬ 
ture  of  1200®C  In  a  vacuum  to  determine  thermoelectric  characteris¬ 
tics,  thermal  shock  resistance,  and  sublimation  loss.  Cutting 
techniques  were  to  be  considered  for  con'^rolling  the  area-to-length 
ratio  of  sprayed  thermoelements,  and  the  effect  of  this  ratio  on 
t.hermoelectric  properties  was  to  be  observed.  Finally,  a  p-n  couple, 
consisting  of  sprayed  p-  and  n-type  segmented  thermoelements,  was  to 
be  fabricated,  evaluated  for  1000  hours,  and  thermally  cycled  to 
observe  overall  perfom-ance. 


In  addition  to  fabricating  sprayed  thermoelements,  arc- 
plasma  and  flame-spraying  techniques  were  to  be  employed  for  i 

producing  lov/- res .stance  contact  joints  at  the  graphite  terminals  i 
of  hot-pressed  thermoelements  for  screening^  in  the  repair  of  the 
50-watt  advanced  laboratory  model  generator,  and  the  construction 
of  the  15  watt  improved  experimental  model  generator. 

Various  types  of  equipment  were  utilized  for  the  experimental 
work  in  this  phase  of  the  program.  A  25-KV/,  Model  SG-3,  and  an 
80-KV/,  Model  SG-2,  arc -plasma  spraying  anlt  (Plasmadyne  Corp)  were 
used  for  producing  coatings  of  MCC  40  (p  and  n),  MCC  50  and  MCC  60. 
Peed  powders,  trarisported  in  a  carrier  gas  stream,  were  injected 
into  the  plasma  stream  through  a  feed  port  in  the  anode  near  the 
nozzle  exit  to  induce  melting.  Feed  powders  of  appropriate  size 
w*'re  introduced  into  t.he  carrier  gas  scream  from  a  type  2MP  volu¬ 
metric  pov/der  feeder  (Metco)  or  a  canister-type  feeder  (Plasmadyne) 
employing  a  double  tube  venturi.  A  special  MRC  apnaratus  provided 
variable  speed  rotation  and  transverse  movement  of  graphite  cylin¬ 
drical  substrates  during  spraying.  A  type  4e  metallizing  gun 
(Metco),  employing  an  oxygen-acetylene  f^ame,  v;as  used  to  produce 
sprayed  molybdenum  joints  in  selected  a^aas.  Associated  facilities 
utilized  during  this  v/ork  included  type  7B  spray  booths  (Metco), 
a  type  2CV/  v/et  collector  (Metco),  a  type  EN-2  blast  cabinet 
(Pangborn),  and  a  Model  D  Industria]  abrasive  unit  (S.  S.  V/hite). 
Evaluation  of  sprayed  thermoelectric  elements  at  high  cemperatures 
was  accomplished  in  a  Model  VE-401  (Veeco)  or  a  Mode]  BD-40V 
(Bon-De)  vacuum  system. 

A  water-cooled,  controlled  environment  spray  chamber,  30-lnch 
I.D.  X  48-inch  long,  v/as  acquired  by  Monsanto  Research  Corporation 
to  permit  comparison  of  thermoelectric  and  physical  pix)perties  of 
coatings  produced  in  non-oxidizing  environments  v^ith  those  of 
specimens  prepared  under  normal  spraying  conditions  in  the  atmos¬ 
phere.  The  unit  'was  installed  and  tested  in  the  latter  portion 
of  uhe  contract  period.  The  gun-holding  mechanism  supplied  with 
the  unit  was  extensively  modified  to  provide  additional  flexibility 
In  adjusting  substrate-spray  gun  positions.  A  remote-controlled, 
multi-specimen,  rotating- transversing  device  wa*  designed  and  fabri¬ 
cated  for  m:anipulating  cylindrical  substrates  inside  of  the  chamber. 
Small,  isolated  leaks  in  the  system  were  located  and  realed. 

Initial  tests  were  completed  in  which  the  system  pressure  was 
reduced  to  about  bOM-  Hg,  welding-grade  argon  added,  ajid  coating 
deposition  accomplished  in  a  positive-pressure,  recirculating, 
inert  atmosphere.  Although  the  overall  operation  of  ohe  chamber 
was  considered  to  be  satisfactory,  experimental  efforo  in  this 
area  could  not  be  emphasized  to  the  extent  desired.  Pi-oduction  of 
thermoelectric  coatings  on  a  regular  basis  was  not  accomplished 
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during  this  contract  period  and  none  of  the  Individual  coatings 
produced  in  initial  work  were  considered  to  be  of  sufficient 
quality  to  Justify  determination  of  thermoelectric  properties. 

Various  experimental  studies  were  required  to  produce  satis¬ 
factory'’  coatings  of  MCC  40,  MCC  50,  and  MCC  6C  by  arc-plasma 
spraying.  A  large  number  of  feed  pov/ders  in  selected  particle 
fiizes  were  studied,  including  mechanical  mixtures  of  elemental 
and/or  reacted  materials  and  sintered  powders  prepared  from  high 
quctllty  aid  low  grade  elemental  components.  A  description  of  feed 
powders  utilized  for  producing  sprayed  specimens  in  this  experi¬ 
mental  v/ork  is  shown  in  Table  9.  In  general,  spray  pov/ders  pro¬ 
duced  from  crushing  and  sizing  of  completely  prereacted  components 
.have  yielded  thermoelements  with  the  most  promising  thermoelectric 
properties.  The  effect  of  using  prereacted  components,  as  compared 
to  mechanical  mixtures  of  elemental  constituents  plus  dopants,  v/ill 
be  observed  later  when  thermoelectric  properties  of  individual 
MCC  40,  MCC  50  and  MCC  60  coatings  are  presented  as  functions  uf 
feed  powder  composifons  and  test  conditions.  Additional  studies 
appear  necessary  to  more  precisely  define  the  prereacticn  cycle 
(time-temperature-pressure-atmosphere)  which  should  be  utilized 
to  prepare  the  most  promising  feed  powders  for  producing  improved 
thermoelectric  coatings  of  MCC  40,  MCC  50  and  MCC  60  by  spraying 
techniques . 

A  large  number  of  thermoelectric  coatings  were  applied  to 
hollow  graphite  cylinders  (m.ostly  1/2-inch  diameter,  5/8-inch 
long)  using  the  25-KW  or  80-KV/  arc-plasma  spray  guns.  To  achieve 
satisfactory  bonding  of  the  coatings  to  the  graphite  substrates, 
the  latter  were  outgassed  at  about  900°C  for  1  hr.  in  vacuum.  In 
early  work  a  thin  molybdenum  coating  v;as  applied  to  the  graphite 
substrate  prior  to  deposition  of  individual  thermoelectric  materials 
later,  direct  bonding  of  thermoelectric  coatings  to  outgassed  gra¬ 
phite  v;as  achieved  with  apparent  improvement  in  bond  strength. 

Most  coatings  were  produced  u«ing  argon  or  5^  hydrogen-arron  arc 
gas,  argon  or  helium  powder  carrier  gas,  and  nitrogen  gas  for 
substrate  cooling  and  plasmajet  deflection.  Plasma  strea.T  en¬ 
thalpy  was  varied  over  a  wide  range  to  observe  its  effect  on 
physical  and  thermoelectric  properties  of  coatings.  Powder  feed 
rates  were  generally  adjusted  to  achieve  satisfactory  melvlng 
and  deposit  efficiency  ■*'or  the  operating  conditions  studied.  The 
overall  range  of  selected  operating  conditions  which  v;ere  found 
to  be  most  satisfactory  in  this  study  is  shown  in  Table  10. 

Physical  properties  of  selected  coatings  were  determined 
during  this  program  in  an  effort  to  correlate  such  properties 
with  thermoelectric  properties  and  with  spray  conditions.  The 
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SUiyiMARY  OP 

SPRAYING 

CONDITIONS 

STUDIED 

MCC  ^0 

MCC  ^0 

MCC  50 

MCC  60 

(p-type) 

(n-type} 

^p-type) 

(n-t3rpe) 

No.  of  speclmenfl  sprayed 

21 

19 

Z17 

59 

Arc  gas 

A 

A 

A;55« 

H2-A 

A;5^ 

H2-A 

Powder  carrier  gas 

A, -He 

A;  He 

A;  He 

A;  He 

Substrate  cooling  + 
deflecting  gas 

N2 

N2 

N2 

1.2;  A 

Spraying  distance, 
inch 

0.875 

3.500 

0.625 

2  .000 

i  .250 
2.875 

^  •  OOi 

Power  level,  KW 

5-15 

^-13 

19 -3r 

6-39 

Plasma  stream 

enthalpy,  BLu/lb. 

1810- 

5500 

1550- 

5700 

2100- 

8190 

25^0- 

81 6C 

volume  of  coatings  having  tJnlform  thickness  was  readily  cal¬ 
culated  from  linear  measurements,  v;h1  le  the  volume  of  coatings 
having  varying  thicknesses  was  determined,  in  many  cases,  using 
a  displacement  type  densitometer,  which  employed  fins  glass 
beads,  instead  of  liquids,  as  displacement  flisid.  Coating 
density,  obtained  fix>m  coating  volume  and  weight,  was  found  to 
vary  from  approximately  70  to  95^  of  theoretical,  depending  on 
spray  conditions  and  feed  powder  type  and  particle  size.  Thick¬ 
ness  of  uniform  coatings  v:as  obtained  from  linear  measurements; 
average  thickness  of  non-unifona  deposits  v;as  calculated  from 
measured  coating  volume  and  length.  In  general,  coating  thick¬ 
ness  ranged  from  several  mils  to  approximately  1/8  inch  during 
this  program.  Knoop  hardness  measurements  were  made  on  several 
specimens  using  a  100-gram  load  and  these  results  are  discussed 
and  presented  later  (Table  2^)  in  conjunction  v;ith  mlcrostruc- 
ture  observations  of  sprayed  materials. 

Thermoelectric  properties  of  sprayed  cylindrical  deposits 
were  determined  for  most  of  the  satisfactory  coatings  prepared 
in  this  study.  To  obtain  such  measurements,  current  and  voltage 
leads  had  to  ’  e  provided  on  the  hot  and  cold  portions  of  the 
coating,  and  installation  of  thermocouples  was  required  for 
determination  of  hot-  and  cold- junction  temperatures.  Originally, 
molybdenum  was  flame  -sprayed  over  the  thermoelectric  coating 
which  had  previously  been  deposited  on  an  outgassed  graphite 
cylindrical  subscrate.  A  thin  c  :?pper  strap  was  wrapped  circiim- 
ferentially  over  and  bonded  to  the  molybdenum  outer  coating  to 
provide  current  and  voltage  leads  at  the  cold  Junction.  Hot- 
Junction  current  and  voltage  leads  were  provided  by  small  dia¬ 
meter  molybdenum  wire  spray  bonded  to  a  hollow  graphite  adapter, 
which  surrounded  a  resistance-type  heating  element.  The  coated 
specimen  was  threaded  onto  the  graphite  adapter  and  firmly 
positioned  for  testing.  During  inlclal  testing  of  thin  thermo¬ 
electric  coatings  at  1200'’ J  hot-J»anctlon  temperature,  cnly  small 
temperature  drops  were  realized  through  the  deposits, thus  result¬ 
ing  in  excessive  and  intoleraole  temperatures  in  the  vicinity  of 
the  cold  end  copper  straps.  Sor-ie  melting  of  copper  -v^as  observed 

Measurement  of  thexmioelectric  properties  was  then  attempted 
directly  on  "as  sprayed''  coatings,  and  on  molybdenum  coatings 
applied  over  thermoexect no  coatings,  by  using  special  contact 
probes.  However,  excessive  and  usually  inconsistent  interface 
resistances  were  observed.  The  unsatisfactory  resiilts  obtained 
with  these  original  techniques  caused  further  study  for  a  more 
reliable  measuring  procedure  and  resulted  in  the  finally  selected 
method  of  spray-bonding  a  double  molybdenum  v/ire  to  the  outer  moly 
denum  coating  at  the  cold  Junction  for  t.  se  in  current  and  voltage 
measurement.  For  this  purpose,  the  wire  was  grit-blasted  with 
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alumina,  degreased  with  trichloroethylene,  ai*d  bonded  by  flame 
spraying.  A  small-gage  ,diromel-alufnel  thermocouple,  for  meaaure- 
s  ment  of  cold- junction  temperature,  was  also  spray -bonded  to  the 
outer  molybdenum  coating.  Essentially  all  sprayed  specimens 
'  were  prepared  for  testing  In  this  manner.  For  specially  ccOected 
^  specimens,  thin  copper  fins,  located  radially,  were  spray-bonded 
r  to  the  outer  coating  to  permit  achievement  of  greater  temperature 
differences  through  the  coating  wall  during  screening, and  In  such 
cases  an  emissive  coating  (TEC-1 )  was  also  applied  over  the  ex- 
posed  molybdenum  outer  layer  and  over  the  radial  copper  fins. 

The  effect  of  adding  radiator  fins  and  an  emissive  coating  to  a 
sprayed  thermoelement  can  be  observed  for  a  selected  specimen  In 
'  Table  11.  Although  temperature  differential  and  power  output 
*  were  usually  considerably  enhanced  by  this  technique,  it  was 
deemed  sufficient  for  screening  purposes  to  compare  characterls- 
i  tics  of  coatings  having  only  a  thin  molybdenum  layer  with  thermo- 
1  couple  and  lead  vrlres  over  the  thermoelectric  coating  Instead  of 
the  more  elaboi’ate  radiator  design. 


Table  11 


*  EFFECT  OF  RADIATORS  AND  EMISSIVE  COATING 

ON  THERMOELECTRIC  PROPERTIES  OF  SPRAYED  MCC  50 

V 

Actual  Max.  V.’atts 


Spec . 

Outer  Surface  of  Coating 

Th;'C 

AT,  “C 

lb.  TE  Mat 

253 

Molybdenum  +  lead  wires 
+  cold-end  thermocouple 

1  soil .  5 

100.5 

0.8M 

253A 

Molybdenum  +  copper 
radiators  +  emissive 

1205.5 

372.0 

S.O] 

•i  coating  +  lead  wires  + 

cold-end  thermocouple 


Thermoelectric  prx^pertlea  of  sprayed  .  I  nd  I  v  Idiual  coatings 
on  cylindrical  graphite  sutctratea  were  I'outlncly  dot  er;r.!iu^d  by 
rapidly  heating  the  specimen  to  i200'’C  (for  MCC  5C  and  t’OC  )  or 
about  900 "C  (for 
hot 
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mennuremer.* 
’nncfVc;  ' 


srec ! ren 


or  rod,  positioned  axially  throiigh  the  center  of  the 
sprayed  specimen,  provided  a  hot- Junction  temperature  of  12(X)®C, 
which  was  measured  by  a  tungsten -rhenium  thermocouple.  Cold- 
Junct’on  temperatures  v;ere  normally  measured  by  chromel-alumel 
thermocouples,  as  mentioned  above,  or  by  optical  pyrometer.  The 
overall  measuring  technique  appeared  to  be  reasonably  reliable 
for  a  relative  comparison  of  the  thermoelectric  characteristics 
of  sprayed  specimens. 

Since  coating  thickness  and  v;elght  were  arbltrarv  and  not 
Identical  for  all  specimens,  appropriate  experimental  data  were 
normalized  to  permit  comparison  of  thermoelectric  properties  of 
sprayed  materials.  Specifically,  open-circuit  voltage, 
was  adjusted  to  a  AT  of  500®C,  and  maximum  power  output,  cased 
on  adjusted  Koo,  was  determined  per  unit  v/elght  of  thermoelectric 
material.  This  normalization  was  Intended  to  resolve  differences 
In  coating  thickness  and  quantity  of  deposit,  which  Influence  the 
AT  across  the  coating  and  the  power  output. 

Thermoelectric  properties  of  individual  sprayed  coatings 
prepared  and  evaluated  during  this  program  are  shovm  In  Tables 
12  through  15.  These  data  are  Intended  to  provide  a  relative 
comparison  of  TE  properties  of  sprayed  thermoelements  as  Influ¬ 
enced  by  feed  powder  properties,  spraying  variables,  and  post¬ 
spray  thertnal  treatment.  On  the  basis  of  these  cons  1  derations , 
the  follov/ing  general  conclusions  were  made  regarding  the  pro¬ 
duction  of  satisfactory,  sprayed,  theimoelectric  coatings. 

MCC  ^10  (p-  and  n-type);  Coatings  produced  by  spraying 

a  mixture  of  elemental  components  plus  dopants  were 
generally  unstable  witli  time  and  usually  exhibited 
a  low  power  output  per  unit  weight  with  gradual  de¬ 
gradation  in  power  with  time.  The  most  promising 
coatings  v;ere  produced  with  powder  obtained  by  pre¬ 
react;  ing  elemental  components  v;ith  dopants  at  ele¬ 
vated  temperature  In  a  controlled  environment,  then 
crushing  and  si:-, Ing  the  resultant  material  for 
spraying.  Additional  studies  are  necessary,  how¬ 
ever,  to  precisely  determine  the  prereaction  con¬ 
ditions  (time,  t  eir.perature,  atmosphere)  necessary 
to  preper-e  povjders  which  will  yield  coatings  pos¬ 
sessing  st ab'l  e  ,  1  mproved  thermoelect  rl  c  character¬ 
istics.  Appropr  1  nt.e  use  of  post-spray  thermal 
treatment  on  p-  and  n-type  coatings  pixiduced  ih-or 
prer'encted  powders  appears  to  show  pi'omise  for 
enha?vc!ng  powei*  output,  and  {•educing  degradat  lor^ 
with  time. 
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MCC  50 ••  Coatings  produced  from  prereacted  elements  plus 
dopants  were  readily  deposited  as  dense  coatings, 
and  exhibited  some  lmpr*ovement  in  actual  pov.-er  out¬ 
put  and  stability  with  time,  v/hen  compared  to  coat¬ 
ings  prepared  by  spraining  unreacted  or  partially 
reacted  mixtures  of  appropriate  components.  To 
improve  thermoelectric  properties,  the  most  suitable 
condition  for  prerenctlng  elements  and  dopants  In 
this  system  should  also  be  more  precisely  detei'mlned . 
Further  improvement  In  pov/er  output  and  more  stability 
in  thermoelectric  characteristics  during  prolonged 
performance  appear  possible  vrlth  appropriate  post¬ 
spray  thermal  trea.tmer\t  of  particular,  prereacted 
powdei'S . 

MCC  60 :  The  most  satisfactory  coatings  of  this  material 
v;ere  apparently  pj:*oduced  late  In  the  program  using 
a  completely  prereacted  powder.  Most  early  studies 
util:l.;ed  an  elemental  mixture  or  e  partially  reacted 
pov;der  in  very  fins  '  • 'e  si?:e,but  essentially 

all  of  these  products  appeared  to  be  Inferior.  How¬ 
ever,  the  use  of  controlled  high- temperature  poct-sprijy 
treatment,  with  additional  study,  could  convert  MCC  60 
coatings,  readily  pr^epared  from  mechanical  mixtures  of 
elements  and  dopants.  Into  physically  and  chemically 
stable  thermoelectric  coatings  of  satisfactory  power 
output.  The  alternate  rouv:e  of  preparing  acceptable 
MCC  60  coatings,  through  deposition  of  completely 
I'e acted  feed  powders,  vjlll  also  require  further 
effort  to  define  the  most  suitable  reaction  conditions 
for  converting  a  mixture  of  elemental  coriiponents  plus 
dopants  Into  a  useful  spray  powder. 

In  general,  evaluation  data  obtained  to  date  ir.dlcate  that 
sprayed  thermoelements  with  satisfactory  pi*operties  can  be  pro¬ 
duced  by  plasma-spraying  techniques.  Basic  spraying  procedures 
have  been  defined  for  producing  physically  satisfactory  coatings 
of  MCC  ^-10,  MCC  50  and  MCC  60.  Hov;ever,  it  appears  that  thei'mo- 
electrlc  properties  could  be  considerably  Improved  through  use 
of  properly  reacted  spray  powders,  use  of  appi'-oprlate  posf.-cpray 
thermal  treatment,  control  of  area-to-l ength  characterlst ics, 
employn’ent  of  more  efficient  overall  tlier-moel  ernent  design,  ar.d 
other  related  considerations. 

The  thermal  .shock  I’esJi:  lance  of  sprayed  thermoele.ments 
was  observed  during  I'outine  heating  of  spec1nien.s  to  appixDprlate 
hot -.Junction  temperatures  fo--*  screening  and  during  cooling  of 
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tested  specimens  to  room  temperature.  In  general,  coatings 
remained  Intact  and  bonded  when  subjected  to  the  typical  cycle 
shown  In  Table  16  for  heating  and  cooling,,  although  several 
specimens  did  experience  craclcing  and  bond  failure. 

MCC  50  and  MCC  60  coatings  were  heated  to  1200®C  hot-Junctlon 
temperature  as  shown;  however,  p-  and  n-type  MCC  ^0  specimens 
were  generally  heated  to  only  900“C  for  testing, although  heating 
and  cooling  rates  were  as  shown  below; 

Table  16 


TYPICAL  THERMAL  CYCLES  USED  DURING  SCREENING 
OF  SPRAYED  THERMOELECTRIC  COATINGS 


Typical  Heating  Cycle  To  Typical  Cooling  Cycle  from 

Th  ^  1200^0 _  Th  »  1200^C. _ 


Elapsed 

Time,  Min. 

Temp. , ®C 

Elapsed 
Time,  Min. 

Temp.,®C 

3 

70 

3 

1190 

6 

200 

6 

1060 

9 

450 

9 

925 

12 

620 

12 

750 

15 

750 

15 

620 

18 

925 

18 

450 

21 

1060 

21 

200 

2it 

1190 

2i| 

70 

27 

1200 

27 

room  temp 

As  noted 

In  Tables  12  through  15, 

gradual  changes 

In 

thermoelectric  properties  of  some  sprayed  specimens  were  observed 
as  a  function  of  test  time.  In  an  effort  to  stabilize  the  chemi¬ 
cal  composition  and  crystalline  structure  of  the  sprayed  material 
and  to  optimize  thermoelectric  properties,  selected  coatings  wei*e 
subjected  to  a  hlgh-temperature,  poot-spray  treatment  In  a  con¬ 
trolled  environment.  A  globar-heated  fumace  containing  mulllte 
tubes  was  used  for  treating  some  coated  specimens  to  1400®C  In  a 
helium  atmosphere.  Higher  temperatures  were  achieved  by  low- 
frcquency  Induction  heating  of  the  coated  graphite  substrate  In 
a  slightly  reducing  atmosphere.  This  was  accomplished  by  mount¬ 
ing  the  coated  specimen  on  a  graphite  stud  and  Inserting  the 
latter  Into  a  graphite  cylinder.  After  central  positioning  of 
the  coated  specimen,  the  graphite  cylinder  was  tightly  closed  at 
both  ends  and  the  residual  air  Inside  of  the  enclosure  provided 
a  slightly  reducing  (CO)  atmosphere  around  the  specimen  during 
hlf'ih*  temperature  exposure. 
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The  effect  of  high- temperature  post>-Gp:ay  treatment  on  physi¬ 
cal  and  thermoelectric  properties  could  not  be  conclusively  dete:*- 
m''ned  owing  to  the  large  number  of  feed  powder*  (.•omposltlons  and 
operating  conditions  employed.  Results  obtained  In  this  study 
arc  presented  In  Table  17.  Although  some  -naterlals  were  found  to 
be  favorably  affecced  while  others  were  apparently  adversely 
affected  by  exposure  to  a  particular  thermal  treatment,  the  over¬ 
all  findings  did  appear  to  be  worthy  of  further  study,  In  view 
at  progress  made  in  defining  basi  feed  powder  compositions  and 
spray  conditions  during  this  contract  period,  more  intensive  In¬ 
vestigation  of  a  limited  number*  of  sprayed  thermoelements  oppear-s 
possible  In  future  work, and  such  additional  studies  should  pr'oviJe 
sufficient  Information  to  conclusively  detef’mlne  the  value  of 
post-spray  thermal  treatment  on  thermoelectric  properties  of 
sprayed  thermoeletnents . 

Although  the  significant  effect  of  area/length  ratio  on 
thermoelectric  properties  of  thermoelements  was  realized,  this 
ratio  was  not  normally  controlled  during  roi-tine  preparation  of 
sprayed  coatings.  For  cylindrical  coatings,  the  area  ter*m  em¬ 
ployed  in  this  ratio  corresponds  to  the  average  c li*cumferentlal 
coating  area  through  which  the  temperature  gradient  exists,  while 
the  length  term  corresponds  to  the  sprayed  coating  thickness.  On 
this  basis,  area /length  ratios  were  calculatea  for  most  coated 
specimens  prepai<ed  and.  In  general,  these  ratios  were  considered 
to  be  much  larger  than  required  for  obtaining  maximum  thermoeleoti'lc 
output.  Calculated  area-to-length  ratios,  corre^ipondlng  to 
specimens  screened  during  this  program,  were  tabulated  earlier  In 
Tables  12  through  15  together  with  thermoeiectrlc  data  from  screen¬ 
ing  tests. 

In  a  brief  study  regarding  tne  controJ  of  area- to- length 
ratio,  an  abrasive  cutting  technique  was  useo  to  section  the  coat¬ 
ing  of  a  previously  screened  MCC  50  specimen  onto  four  wedge- 
shaped  coating  segments  and  the  effect  of  area- to-length  ratio  on 
thermoelectric  properties  was  experimenta J ]y  observed.  The  coat¬ 
ing  segments  remained  bonded  to  the  graphite  cylindrical  substrate 
for  parallel  connection  at  the  hot  Junction  and  a  disc-type 
radiator,  f lame-spra.’/eU  to  the  surface  of  ail  coating  segments, 
formed  parallel  cold-end  collections.  The  effect  of  ai'oa-to-lengin 
ratio  for  this  particular  specimen  can  be  observed  In  Table  lb. 

Segmented  p-  and  n-type  cylJndrli:al  thermoelements  wei*c  pi‘o- 
duced  by  spray-bonding  concentric  layers,  of  the'i'inoeloc ti'ic  mate¬ 
rials  to  outgassed  gr’aphlto  cylinders.  Initially,  a  coating  of 
hlgh-temperature  material  was  applied  to  the  gr.apnlte  substrate. 
Molybdenum  or  a  mechanical  mixture  of  t>C  wt  .'I  iilgh- 1  empera lure 
materlal-50  wt.JI;  low- tempera ture  material  was  then  sprayed  over 
the  Initial  coaling.  A  coating  of  low- tempera t ere  material  -was 
added  over  the  Intermediate  deposit. 

in 
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Table  IB 


EFFECT  OF  AREA/LENGTH  RATIO  ON  THERMOELECTRIC 
PROPERTIES  OF  SPRAYED  MCC  50  THERMOELEMENT 


Spec  . 

Powder  Type 

Area/ 
Length , 
In . 

Th."C 

AT.  “C 

Test 
Time , 
min . 

R,  ohm 

Ac  tua 1 
Max . 

V.'a  tts/ 

lb,TE 

Material 

2  *'17 

MCC  90 -19 A 
(sintered ) 

25.2 

1205.0 

.  95.5 

60 

0.00961 

1 ,60 

2  47  A 

11 

6.3 

1198.0 

229.0 

420 

0.00560 

0 

Finally,  a  molybdenum  outer  coating  was  applied,  as  well  as 
current  and  voltage  leads,  copper  (14  mil)  radlatoi*s,  and  cold- 
junction  thermocouples,  using  flame-sprayed  molybdenum.  Emissive 
coating  TEC-1  was  applied  over  the  radiators  and  the  exposes 
molybdenum  surfaces,  and  the  specimen  was  screened  at  T^  of  about 
1200 ®C  to  determine  S,  R,  AT  and  thermal  shock  resistance.  Thermo¬ 
electric  properties  of  sprayed  segmented  thermoelements,  screened 
during  this  program,  are  presented  In  Table  19.  Properties 
measured  at  the  beginning  and  end  of  sustained  testing  are  suinma- 
rlzed.  Continuous  performance  characteristics  for  one  p-cype  and 
one  n-type  segmented  thermoelement  are  presented  In  Tables  20  a.nd 
21jrespectlvely .  Small  variations  In  thermoelectric  properties 
of  specimens,  as  noted  In  continuous  performance  data,  may  possibly 
be  attributed  to  marginal  precision  of  millivolt  recorders  used 
for  overnight  and  weekend  data  collection,  compared  to  quality 
potentiometers  utilized  during  normal  working  hours.  By  control 
of  area- to-length  ratio  and  use  of  more  otatie  and  properly 
reacted  feed  powders,  production  of  considerably  Improved  sogmenlee 
thermoelements,  by  spraying  techniques , should  bo  possible. 


Heating  elements  used  during  Initial ,  continuous  testing  of 
the  p-type  segmented  thermoelement  (Spec.  2h2B)  were  of  the  same 
type  as  employed  In  screening  thin  individual  coatings  and  were 
found  to  be  unsatisfactory  for  maintaining  the  hot -Junction  tem¬ 
perature  at  1200  °C  during  the  entlr-e  lest  pei’lod .  As  I'lOtod  in 
Table  20,  the  Initial  heating  element  failed  after  28  hours 
and  a  second  heater  failed  after  80  hours  of  testing,  rapidly 
cooling  the  specimen  each  time  from  about.  1200  "'C  to  I'oom.  le.mpor- 
ature.  Thermal  ohocksreoultlng  from  these  failures  were  approx¬ 
imately  130°C/mln.  dui’lng  the  first  9  minutes  and  approximately 
55°C/mln.  during  the  next  ^-minute  pei’lod.  To  subject  the  seg¬ 


mented  thermoelement  to  a  third  thermal  shock  test,  the  heal 
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element  powei*  was  abruptly  tormina  tod  at 
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the  end  of  the  nomlna 


1 1 1 


tn  o 

o  in 

£  19 

00 

r4 

}?, 

^  Ol 

5  5 

<o 

VO 

i  Ss 

i 

fH 

118 

300-nr  ,  test.  Instead  of  following  the  less  severe  cooling  rate 
generally  utilized.  During  the  abrupt  heater  shutdown,  the  coated 
specimen  was  subjected  to  a  thermal  shock  cooling  rate  of  about 
140®C/mln.  for  the  first  5  minutes  and  40®C/mln.  during  the  next 
5  minutes.  No  apparent  physical  damage  to  the  coatings  or  bonds 
could  be  attributed  to  these  thermal  cycling  conditions.  No 
significant  change  was  noted  In  the  appearance  of  two  small  radla3 
cracks  through  the  coatings  which  were  earlier  observed  after 
post-spray  treatment  of  the  specimen  and  prior  to  the  100-hr.  test. 
A  reinforced.  Improved  heating  element  was  used  for  the  evaluation 
of  the  n-type  segmented  thermoelement  (Spec.  3^5C)  and  no  heater 
failures  were  encountered  during  sustained  performance  testing 
of  that  specimen. 

Weight  losses,  resulting  from  sublimation  at  elevated  tem¬ 
peratures  In  vacuum , were  determined  for  several  Individual  and 
segmented  sprayed  coatings  .  These  are  shown  below 


Table  22 

.SUBLIMATION  LOSS  OF  SPRAYED  THERMOELEMENTS 


Cum. 


Accumulated 

Increment 

Increment 

Wt. 

Avg. 

Test  Time, 

wt.  Loss, 

wt .Loss, 

Loss 

Spec  . 

Coating  Type  Th.®C 

hr . 

g. 

% 

339C 

Segmented  n-  J200 

1.33 

0.0794 

0.250 

0.25 

type,  MCC  60- 

5.33 

0.0058 

0.018 

0.27 

3  +  IM-8+  MCC 

20.03 

0.0198 

0,063 

0.33 

40-6N  (sintered) 

75.00 

0.0110 

0.035 

0.37 

3^33A 

MCC  40-llP  8^0 

(sintered) 

1.00 

0.0032 

0.641 

0.04 

3b7 

MCC  50-23  1200 

(sintered) 

37.00 

0.0400 

0.760 

0.76 

A  p-n  couple,  consisting  of  plasma-spi’ayed  segmented  thermo¬ 
elements,  was  pi’oduced  and  evaluated.  Concentric  layers  of 
appropriate  hJr,h>  and  low-temperature  thermoelectric  materials 
were  applied  to  outgnoced  gi-aphlte  cyllndcx'u  (l/2-lnch  OD,  3/8 
lijch  ID,  '3/S"Inoh  long).  Each  cylindrical  thermoelement  contained 
a  feint le  thread, and  the  couple  was  assembled  by  screwing  a  p-  and 
an  n-type  thonnoeiement  over  a  threaded,  hollow,  gi'aphlte  holder 
(X/iJ-lnch  Cl),  3/1-^^ ID).  A  resistance  heater  was  fitted  with 
aif  rici.i  I  ty  Ins  kit*  the  3/l6-lnch  ID  graphite  holder. 
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The  total  length  of  the  p-n  couple  wac  i  l/j  inch.  Rectorj- 
gular  copptv  fins  were  attached  radially  to  ea.ch  thermoelement 
and  covered  with  TEC-1  emissive  •■Oo‘l;n^  to  provide  a  suitable 
temperature  di’op  aci’csc  each  element.  The  thi.ckneso  of  the 
sprayed  MCC  60-lntermedlate-MCC  ^JO(n)  coatings  on  the  n-type 
thermoelement  was  rabout  9/32^  inch,  and  that  of  the  MCC  bO- 
Intermedlate-MCC  ^O(f)  element  was  about  9/32  inch.  The.se  coat¬ 
ings  yielded  length- bo-area  ratios  of  0.048  cm"l  and  0.068  cm"'^ 
for  the  p-  and  n-type  thermoelements, respectively .  At  a  control 
temperature  of  1200  “C ,  average  Th  of  ll6l®C,.  and  average  Te  of 
014 the  output  of  this  couple  remained  constant  at  0.1225 
watt(e)  for  8l9  hours  In  a  vacuum  of  10’^  to  10~^  toi’r,  A  gradual 
decline  in  power  output  was  then  observed,  ns  shown  in  Table  23, 
to  a  value  of  0.0662  watt(e)  after  1030  hours, nt  which  time  the 
test  was  terminated.  Photographs  oC  both  thermoelements,  after 
completion  of  sustained  testing,  ai’o  Bhov^n  In  Figure  35.  Thermal 
cycling  tests,  performed  upon  completion  of  sustained  performance 
evaluation,  appeared  to  have  no  significant  detrimental  effect  on 
overall  p-n  couple  performance.  Reasons  Tor  degradation  in  power 
output  with  time  are  net  yet  certain.  Use  of  Incompletely  re¬ 
acted  spray  powders  and  production  of  unstable  coating  compositions 
or  diffusion  of  individuaJ  coating  components  may  be  responsible 
for  this  behavior.  While  mlci’ostructure  of  each  thermoelement 
(shown  Inter  in  Pij’p.i.re  40)  show  distinct  layers  of  high- temperature 
Intermediate,  and  low-ternpe.t-ature  materials,  definite  conclusions 
regarding  diffusion  of  various  components  do  not  seem  possible  at 
this  time . 

The  microstructure  of  several  sprayed,  individual  and  seg¬ 
mented,  coatings  was  examined  using  an  optical  metallograph  In 
an  effort  to  correlate  structural  properties  with  physical  and 
the:*moelec trie  chcrac teclutlcs .  Plasma-sprayed  specimens  were 
arbitrarily  selected  for  microstructure  study  and  do  not  nec¬ 
essarily  represent  typical  structures  of  coatings  prepared  under 
optimized  spraying  conditions.  In  general,  "as  sprayed”  coatings 
demonstrated  a  distinct  laminar  effect,  due  to  the  spraying 
process.  Specimens  208c  and  24.1,  shown  unetohed  In  Figure  36, 
were  produced  from  feed  powders  contilnlng  prereacted  elemental 
components  and  additives.  Speclmon  210B  was  prepared  from  a  feed 
powder  consisting  of  mechanically  mixed  elemental  components  plus 
additives.  Prom  a  comparison  of  these  micros true turoo  with  that 
of  Spec.  TE200,  produced  by  hot-pressing,  end  also  aliov^n  .!n  Figure 
36,  the  following  observations  were  made 

a.  The  sprayed  coatings  cont.aln  more  undlssolved 

dispersed  particles  than  does  hot-pressed  matei'ial. 
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Figure  35.  Sprayed  Thermoelements  from 
p-n  Couple,  After  Sustained 
Performance  Testing 
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Spec,  210B.  PiaBina  sprayed  Spec.  TE  200.  Hot  pressed 

MCG  50,  unetched,  MCC  50,  unetched 

600X  oOOX 


Figure  36.  Micro structure 
Thermoelements 


of  Plasma -Sprayed  and  Hot-Pressed 


b.  The  apparent  poroE.lty  of  sprayed  coatings  appears 
to  be  more  uniform  and  of  smaller  pore  size  than 
that  of  hot-pressed  material. 

c.  The  grain  size  of  the  MCC  ^0,  under  polarized  light, 
appears  to  be  generally  very  fine  in  both  sprayed 
and  hot-pressed  materials. 

Only  two  phases  were  evident  in  sprayed  coatings  produced 
from  prereacted  powder,  whereas  three  phases  and  a  distinct 
uniform  laminar  effect  were  observed  in  the  sprayed  material  pre¬ 
pared  from  mechanically  mixed  powders.  The  mlcrostruotures  shown 
in  Figure  37  were  obtained  after  etching  all  specimens  electrolyt- 
Ically  using  10?^  IICl .  As  observed  under  polarized  light  earlier 
with  linetched  specimens,  the  grain  size  in  all  materials  is  quite 
fine,  appearing  finer  in  sprayed  materials  than  in  typical  hot- 
pressed  MCC  50  material.  The  extremely  fine  grains  present  in 
the  sprayed  materials  may  have  prevented  observation  of  twinned 
phases,  if  present. 

The  microstructure  of  a  sprayed  MCC  50  specimen  after  ex- 
posui'e  to  thermal  post -spray  treatment  is  jompared  to  that  of  the 
original  "as  sprayed"  material  in  Flgui’c  38,  and  the  effe('t  of 
high-temperature  (2050 “C)  exposure  can  be  reaully  observed  fro.m 
the  Increase  in  secondary  phase  of  the  treated  material.  Other 
MCC  50  coatings,  after  completion  of  screening  tests,  are  shown 
in  Figure  39,  All  specimens  displayed  orientation  and  some 
appeared  to  contain  .small  quantities  of  white,  unidentified  mat¬ 
erial  not  observed  in  hot-pressed  rmterlol,  Knoop  hardness 
measurements,  using  a  100-gram  load.  Indicated  that  "as  sprayed" 
coatings  were  generally  softer  than  hot-pressed  materials,  but 
the  luii’dnecs  of  the  former  could  be  Increased  by  hlgh-temperatu ■  c 
post-spray  treatment.  Photomicrographs  of  screened  individual 
coatings  arc  presented  !n  Figure  39»  while  corresponding  obser¬ 
vations  arc  noted  in  T.'iUlo  2^, 

Mlcrostrur t.ures  of  the  p-  and  n-type  segmented  thermo- 
e.lenient.'S  used  t.o  form  the  spi'ayed  p-n  couple,  described  earlier, 
are  shi>wn  In  Figures  AO  and  The  interfaces  between  the  Inter- 

medlaii;  rnatinviai  and  botli  the  high-  and  jOW- tempex'ature  adjacent 
coating, s  wci‘e  oC  special  Interest  to  observe  whether  solid-state 
diffiislon  or  mu  ter' I  I J  s  h  ul  tucurred  as  a  result  of  high- tempera  ture 
sustain. ‘d  Icsl  lng.  A;  though  dJstin.-t  layers  of  each  coating 
materia  i  cr.n  bu  rcadl.l.v  observed,  positive  presence  or  absen-'c 
of  dlii'usion  Iri  t  heso  aceos  uouid  not.  be  determined  owing  to  the 
dirri'Milty  In  Inierpr.v't  ing  and  pr.-clsely  Ideiitlfylng  individual 
coiriponcnts  fiann  ua.'h  ^aytU'. 


Figure  38.  Effect  of  Post- 
Spray  Thermal 
Treatment  on 
Micros true ture 
of  Sprayed  MCC 
bO 


spec.  261,  (C-MCC  50-21)  after 
60  hr  screening  at  **  1200  ®C, 
unetched,  60OX 


Spec.  23^,  C-MCC  50-18,  after 
150  min  screening  at  Th  «  1200 ®C, 
and  1  hr  heat  treatment  at  1400 ®C 
In  helliun,  unetched,  6OOX 


Spec.  244,  (C-MCC  50-20) 
(Sintered),  after  1  hr  screening 
at  Th  *  1200 ®C,  and  1  hr  at  I300' 
In  helium,  unetched,  6OOX 


Spec.  251A,  (C-MCC  50-19A) 
(Sintered),  after  29  hr  screening 
at  Th  -  1200 ®C,  unetched,  6OOX 


Figure  39.  Microstructure  of  Plasma -Sprayed  MCC  50 
Tliermoelements  After  Screening 
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Figure;  40.  Micro  structure  of  a 
Sprayed  Segmented 
p-type  Thermoelement 
Used  for  Sustained 
Performance  Testing 


Figure  4l.  Microstructure  of  a 
Sprayed  Segn-ente*^ 
n-type  Thermoelement 
Used  for  Sustained 
Performance  Testing 
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In  acidlijion  to  the  production  of  Individual  and  srgruented 
thermoej emen ta  a  large  portion  of  the  plasma  and  flame- spraying 
effort  was  expended  in  support  of  the  repair  of  the  50-watt  gen¬ 
erator  and  the  fabrication  of  the  Improved  experimental  generator. 
This  effort  was  used  In  preparing  hot-pressed  thermoelementc  for 
screening  and  In  pi-oduclng  a  variety  of  sprayed  Joints  and  coat¬ 
ings  required  In  the  fabrication  of  both  generators. 

Hot-pressed  thermoelements  were  prepared  for  testing  by 
flame-spray  bonding  copper  radiators,  after-  abrasive  blasting  and 
degreasing,  to  the  graphite  cold-end  contacts  of  each  thermo¬ 
element. 

In  repairing  the  50-watt  generator,  thermoelements  were  in¬ 
serted  into  a  central  graphite  ring  which  served  as  the  hot  Junctl'in 
for  each  tier  of  the  generator.  Thermoelements  were  Joined  to 
the  graphite  rings  with  flame-sprayed  molybdenum  to  improve  elec¬ 
trical  an'’  thermal  conductivity  at  the  hot  Junctions,  A  thin 
molybdenum  undercoating  and  a  final  alumina  outer  coating  were 
applied  to  the  surfaces  of  the  rings,  for  thermal  and  electrical 
Insulation,  using  plasma-spraying  techniques.  Graphite  rings  were 
split  Into  four  Individual  sections,  for  electrical  circuitry,  and 
the  sections  were  later  cemented  together  with  electrically  in¬ 
sulating  (plasma-sprayed)  alumina  to  produce  Integral  composite 
rings  capable  of  maintaining  structural  rigidity,  proper  ring 
segment  spacing,  and  orientation  during  generator  assembly. 


3.  Screening  and  Sustained  Verfomnance  T^esrlng  of  Materials 


Screening  and  perforrrance  tests  viere  conducted  on  350  nev; 
elements  and  1^4  used  3/8-lnch  diameter  segmented  elements,  taken 
from  the  advanced  experimental  model  (50-watt)  generator  for 
rebuilding.  Tests  were  also  conducted  on  a  large  number  of  new 
l/4-inch  dl''imeter,  hot-pressed,  multi-segment  thermoelements  for 
use  in  this  improved  experimental  model  (Ip-watt)  generator.  Test 
services  were  also  supplied  on  a  continuing  basis  on  arc-plasma 
sprayed  themiOelements  with  the  results  presented  under  that  sec¬ 
tion  of  this  report. 

A  series  of  tests  were  performed  on  segmented  3/8- inch 
diameter  n-type  thermoelements  of  the  type  used  in  the  50-watt  gen¬ 
erator  to  Investigate  the  possible  mode  and  temperature  of  junction 
failures.  These  tests  were  run  v.’ith  the  chc-iTtioelements  in  a  hori¬ 
zontal  position  to  simulate  conditions  that  v;ere  encountered  in 
the  sustained  performance  test  of  the  50-v;att  generator.  Six 
thermoelements  were  exposed  to  T^  temperature  between  1183®C  and 
1450® 0  and  to  T^  temperatures  (MCC  60-MCC  40)  between  957 °C  and 
1208'''C.  Each  element  was  held  for  about  1  hr.  at  temperatures 
which  ranged  from  ll80®C  to  1450®C  in  increments  of  about  100°C, 
as  shown  in  Table  25  .  Four  of  the  six  elements  reported  in 
Table  25  neither  failed  nor  decreased  in  power  output,  despite 
reaching  junction  (T^)  temperatures  as  high  as  1190^0  for  short 
periods.  Specimens  TE-268  and  TE-269  failed  when  iheir  Ti  tem¬ 
peratures  reached  li87-llS9®C  after  exposure  of  21.5  hr.  to  T<*s 
well  above  the  maximum  recommended  T^  temperature  of  95^^**^.  This 
data  Indicates  that  3/8-inch  disjneter  thermoelements  can  withstand 
severe  overheating  conditions  for  short  (less  than  5  br. )  times 
without  damage.  This  finding  tended  to  refute  the  possibility 
that  brief  overheating  of  the  generator  could  have  caused  its  fail¬ 
ure,  and  strongly  pointed  to  other  factors  -  -  such  as  the  harmful 
effect  of  vibration  in  combination  with  excess  temperatures  on 
thermoelement  life.  Vibration,  with  the  exception  of  ’’ aunchlng 
operations,  would  probably  not  be  a  factor  affecting  „ne  life  of 
static-type  space  power  systems. 

An  additional  segmented  n-type  thermoelement  was  subjected  to 

temperature 
0  junction 
2>\  under 
ncrease 

in  resistance  and  a  decrease  in  power  output.  After  termination 
of  the  test,  it  v/as  found  that  the  thermoelement  itself  wa?  sound 
but  the  molybdenum  coating  of  its  copper  radiator  had  started  to 
peel  off.  Thus,  loss  of  bond  betv-een  the  radiator  and  the  element. 


a  112-hr.  duration  test  in  a  vertical  position.  The  Tu 
during  this  test  was  about  1230°C  v;ith  the  MCC  oO-MCC  h 
(Tj^)  temperature  at  940-950®C.  The  data  given  in  Table 
the  vertical  test  position  heading,  shov/ed  a  definite  1 
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nt  the  ■■opper/molybdenum  Interface,  caused  the  change  in  therr.o- 
eDenient  properties.  The  cause  of  separation  was  found  to  have 
been  that  the  wrong  size  sandblasting  grit  was  used  In  preparing 
the  copper  substrate.  The  radiator  v/as  replaced,  so  that  the 
thermoelement  could  be  subjected  to  further  sustained  testing  Ir. 
a  horizontal  position.  Initial  data  o;’  the  repaired  thei’moeleme.nt 
shov/c  that  its  power  output  was  as  high  as  noted  in  the  first  test, 
thus  confirming  that  the  decrease  in  pov/er  was  due  to  loss  of  elec¬ 
trical  bond  betv;een  the  radiator  and  the  thermoelement. 

The  thermoelement  was  removed  from  the  appai-atus  used  for 
testing  it  in  a  vei-tlcal  position  and  Instnlled  in  new  apparatus 
that  permitted  its  testing  In  a  horizontal  position.  In  making 
the  transition  from  the  vertical  to  the  horizontal  test  apparatus, 
more  iherm.al  Insulation  was  placed  around  the  thermoelement  than 
had  been  used  for  Its  tests  in  the  vertical  position.  As  shown 
by  the  data  in  the  second,  or  .horizontal  test  position,  section 
of  Table  ich,  a  Tj^  of  about  950®C  was  reached  with  the  of  the 
then.io.  .  -mer.t  at  about  1170®C.  The  somewhat  lower  power  output 
rccorc  .1  for  the  thermoelement  in  the  horizontal  position  can  be 
credited  to  the  lower  Tu  and  smaller  T^^-Tl  dlfierence  experienced 
in  the  horizontal  position  tests. 

Data  from  320  hr.  operation  of  the  thermoelement  in  a  hoil- 
zorital  position  show  that  soon  after  the  beginning  of  the  horizontal 
testa,  the  power  output  and  the  Ti  temperature  started  to  d"op 
slowly  with  time.  Atteirpts  were  made  at  first  to  maintain  a  con¬ 
stant  Ti  by  raising  the  Th  temperature.  Soon  after  177  hr.  opera¬ 
tion,  the  rate  of  drop  of  Ti  with  time  increased,  but  the  power 
output  stayed  relatively  constant  as  T^  was  held  relatively  con¬ 
stant.  The  rapid  drop  In  Tj^  without  apparent  effect  on  the  power 
output,  as  the  length  of  the  test  Increased,  Indicated  something 
had  happened  to  the  thermocouple  used  to  monitor  the  Ti  temperature. 
The  test  was  halted  after  320  hr.  The  element  by  this  time  had 
been  exposed  to  122-hr.  testing  In  a  vertical  position  ard  320  hr. 
in  a  horizontal  position,  or  a  total  of  hr.  exposure  to  genera¬ 
tor  temperatures. 

Upon  examining  the  thermoelement  and  the  monitoring  tl^rmo- 
oouple,  It  was  fourn.  that  the  thermocouple  was  In  perfect  condition. 
Hov/ever,  it  was  found  that  a  small  crack  had  developed  near  the 
drilled  thermocouple  hole  In  the  Intermediate  Junction  between  the 
MCC  ^0  and  MCC  60  segments.  This  small  crack,  possibly  Initiated 
during  the  drilling  of  the  theimiocoupl e  hole,  seemed  to  have  slowly 
widened  and  lengtl\ened  during  the  test.  Since  the  crack  involved 
only  a  small  area  of  the  intermediate  Junction  between  the  KCC  6C 
and  MCC  AO  segments.  Its  effect  on  the  power  output  was  small. 

The  presence  of  even  a  small  expanding  crack  between  the  therr  o- 
couple  (largely  Imbedded  In  the  MCC  Ac  material  )  and  the  hot  MCC 
segments,  could  provide  sufficient  thermal  resistance  to  account 
for  the  lowering  of  the  Ti  temperature  experienced. 
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On  the  basis  of  this  experiment,  Ic  appeared  that  the  original 
decision  to  omit  Inserting  thermocouples  at  the  Intenn.edlate  Junc¬ 
tion  was  a  sound  one.  Not  only  would  the  drilling  of  -he^e  holes 
within  the  J\inctlon  have  weakened  the  thermoelements,  but  the  te.m- 
peratures  so  obtained  coiald  have  been  quite  misleading.  This  prob¬ 
lem  was  eventually  solved  by  including  a  sufficiently  thicker 
graphite  intermediate  disc  to  permit  insertion  of  the  Ti  site  thermo¬ 
couple  in  the  graphite  and  by  the  surface  preparation  improvements 
repoi?ted  In  the  junctlon-foming  techniques  section  of  this  report. 
The  increase  In  disc  thickness  consisted  of  about  1/ i6  inch,  from 
1/32-inch  thick  to  3/32 -inch  thick.  When  more  graphite  length 
than  this  was  used,  the  increase  in  thermoelement  electrical  re- 
p.lsta.»ce  increased  prohibitively,  partly  as  a  result  of  excessive 
jjifuslon  of  thermoelectric  material  into  the  graphite. 

Severe  problems  were  also  encountered  in  trying  to  repro- 
duclbly  measure  Tj^  temperatures  in  l/4-lnch  diameter  thermoelements. 
Cre  of  the  knottiest  problems,  in  addition  to  the  harmful  effect 
of  radially-drilled  Tj^  thermocouple  holes  on  element  breakage,  was 
that  thermal  gradients  in  excess  of  50°C/mm  were  encountered  in  the 
areas.  Such  steep  gradients  make  the  location  of  reference 
thermocouples  in  this  zone  quite  important  and  difficult  in  terms 
of  reproducing  ther^noelement  performance  tests  and  ratings. 

The  high  rate  of  thermoele?nent  breakage  dictated  against  the 
use  of  radiallj!--  drilled  thermocouple  holes  at  the  site  of  1/4- 
inch  diameter  thermoelements.  For  the  screening  of  individual 
thermoelements,  it  was  possible  to  attain  reproducible  test  data 
by  using  a  disappearing  wire  type  of  optical  pyrometer  sighted 
(under  near-black  body  conditions)  upon  the  surface  of  each  element 
at  its  Ti  sice.  Thermocouples  were  simultaneously  used  at  the  T^ 
and  T^  sites.  Alio  -  and  n  ~tvpe  thermoelements  v/ere  then  screened 
for  Tj,  AT,  P,  S  and  R. 

Since  it  was  not  feasible  to  use  optical  methods  for  measuring 
critical  T'i  sites  in  the  assembled  improved  experimental  model, 
further  attempts  were  made  to  find  a  practical  method  for  drilling 
therjnocouples  from  the  to  the  sites  along  the  center  axis. 
After  experiencing  considerable  difficulty  in  the  breakage  of  both 
thermoelements  and  drills.  It  was  found  that  intermittent  pressure 
with  high-speed  (ipf 0-200  r-pm)  carbide  drills  permitted  sinking  of 
the  required  0. 036- inch  diameter  axial  holes  at  the  sites  for 
both  P-  and  n-type  thermoelements.  Thermocouples  x*;ere  in-serted  and 
the  Ti  temperature  measured  for  several  t he r-mo elements  by  optical 
and  thermocouple  means.  The  results  of  these  tests  demonstrated 
useful  reproducibility  of  the  thermocouple  readings.  While  this 
approach  reduced  the  cr-oss-sectlonal  area  and  increased  resistance 
of  each  drilled  thermoelement,  it  offered  a  workable  and  tim.ely 
solution  to  the  problem  of  measuring  Tp  for  screening  and  monitor¬ 
ing  of  i/4- inch  diameter  therr;Oe'’ enenr-s . 
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The  dilTlcuItioc  Jnherent  i.N 
t;o  tho  required  deptl';  a;r.i  .Implerr. 
preclalon  to  insure  that  the  i'i  s 
resu-lted  in  discard  oV  the  systetM 
only  the  bead  of  the  thermocouple 
shallow,  I’adially-drllled  hole  In 


drilllj.;:  A.:  Lhv.:-:  ;o  'oup  .V  i  ;  l'c 
'np  ther:i  o  cup  :..s  surt’lc'a 

Ite  .'s  beiiip:  n  'oel’y  ;:;easu:'od 
.  Irj  the  frer'iCiTi  ‘  oi'  apj. ;  •  .‘a  tlor; , 
was  t.'cmented  Into  a  sr.n  . . 
tho  Interni’fdlatc  ftrapJi !  t  v;  d'se. 


After  screening  more  than  30h  not-pressed,  3/''’-lti-'h  dlar.ctt-r 
thermoelements.  It  was  found  necessary  to  icbulid  the  testing 
apparatus  before  evaluating  additional  materials  and  Junctions. 

It  was  decided  to  furtrier  modify  the  appax’atus  while  rooulldlng 
In  order  to  permit  achievement  of  more  reoroduclbie  rteaourcnei.ts 
than  had  been  available.  It  was  also  -onsidered  desli-able  to  add 
the  potential  for  determining  thermoelement  efficiency,  since 
this  property  could  be  obtained  only  In  appai-auus  cons trv! 'ted  for 
that  specific  purpose.  This  soi’eenlng  apparatus  design  hoiTOwed 
extensively  from  the  successful  potted  furnaces  developed  for  in¬ 
duction-unit  hot-pressing.  This  can  be  seen  In  Figure  ^2, 
which  shows  the  cast  ceramic  exterior  In  tho  test  stand  ana  *'he 
thermoelements  protruding  fiom  radially  loated  holes.  A  dotalied 
drawing  of  the  internal  configuration  of  the  apparatus  Is  pre¬ 
sented  In  Figure  43.  While  tho  design  shows  positions  for  four 
thermoelements,  only  two  of  the  elements  would  be  in  test.  Tne 
remaining  two  positions  are  Intended  for  comparison-type  standard 
thermoelements  which  would  be  left  In  place  throughout  a  ser;es 
of  tests  to  Insure  that  conditions  do,  Indeed,  remalti  constant. 

This  should  contribute  substantia  1 ly  to  the  consistency  of  the 
screening  measurements.  The  apparatus  thus  permits  testing  of 
two  n-type  elements,  two  p-typo  elements,  or  one  p-  and  one 
n-type  element  In  the  p-n  couple  conf Iguratlon  moat  representative 
of  generator  conditions.  The  deep  holes  and  contivlled  ondltlons 
permit  better  measurements  of  heat,  thi'oughjni t ,  w!t,l.  lan.uil ‘  nr  *, 
better  efficiency  estimates  as  dcserlbed  !n  ati  ea;  ;ler  rn'ori 
(TDR  No.  ASD-TDR-62-8y6,  Pt.  11,  Page  BO .  OcuoLor,  L'-JoS)  .  Initia  l 
testing  of  the  electrical  charaett  r’.nt,jcs  of  several  thermoe leme.nLS 
proved  tho  feasibility  of  the  appai’otus,  but  dlff :lcu.l‘ les  wore 
encountered  on  these  "shnlcedown  i-uns"  due  to  excessive  outgasclng 
of  the  cast  ceramic  thermal  insulation  itj  high  vacuum.  The  Insula¬ 
tion  otherwise  appeared  to  be  a  sound  solut  ion  of  the  pi'oMem  of 
minimizing  extraneous  heat  losses.  High- tempera ture  pn.'-flrlng  of 
the  ceramic  diminished  the  outgasslng,  but  any  duration  of  .'xposure 
to  atmosphere  relnti'oduced  a  piiiup-down  problem  on  the  r.ui  coedlng 
run.  No  adequate  solution  was  oeen  foi'  this  problem,  so  n  more 
complicated  multi-layer'  metal  foil  Jnsulatl  n  w.as  fftV.rlca tod .  This 
insulation  was  found  to  approach  the  ceramic  In  thexaual  px'opertles 
and  eliminated  the  pi-oblem  of  outgas.slng.  A  close-flutinf:,  tapei'ed 
Joint  was  tried  In  place  of  the  threaded  graphite  hot  contact 


if./ 


Figure  42.  Modified  Apparatus  for  Comparative  Screenim 
of  Hot-Pressed  ITiermoelements 
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used  on  thermoelements.  The  tapered  Joint  functioned  equally 
well  and  offers  an  Increase  In  ease  and  speed  In  loading  where 
the  final  desired  thermoelement  configuration  permits  use  of  this 
shape.  Refinements  in  the  resistance  heater,  voltage  leads  and 
thermocouple  placement  were  also  ch'a'nod  "hlr,  tus 

dcsicn. 

The  sustained  performance  test  on  a  hot-pressed  p-n  couple 
of  3/0  inch  diameter  segmented  thermoelements  reached  1012  hr. 

At  the  end  of  1012  hr.  su.stalned  testing  at  a  Th  of  1104-1198®C, 
the  couple  was  subjected  to  273  thermal  cycles  in  which  peak 
cooling  rates  of  240-250®C/mln.  wcr**  reached  each  cycle.  The 
power  output  (column  ^is  shown  In  Table  27  )  varied  only 

slightly  throughout  the  test.  A  comparlslon  of  the  performance 
of  this  196A  state-of-the-art  p-n  couple  Ic  presented  be  lev;: 


Performance  of  3/8-Inch  Diameter 
Kot-Pi'essed  p-n  Couples, 
_ Representative  of; _ 


Operating  Conditions 

1963  State-of- 
the-Art 

1964  State-of- 
the-Art 

Vacuum,  torr  x  10**5 

0.1 

0.1 

Hot  Junction,  Th#  **0 

1200 

1198 

Average  Intermediate  Junction 
Ti,  ®C 

904 

937 

Average  cold  Junction,  T^,  C 

532 

550 

Average  AT,  ®C 

668 

648 

Open  circuit  voltage,  mv 

282 

290 

Couple  resistance,  ohnis 

.047 

.042 

Current  amps 

3.23 

3.26 

Matched  load  output  adjusted 
to  same  AT,  watts (e) 

0.422 

Q.495 

The  above  data  Indicates  that  an  improvement  of  about  17^> 
has  been  achieved  for  p-n  couples  made  from  3/8-lnch  diameter 
segmented  thermoelements  during  the  1963-614  period. 

In  summary,  at  least  one  screening  or  performance  teat  was 
conducted  on  350  new  3/8-lnch  diameter,  1^44  used  3/8-lnch  diameter, 
and  351  new  1/4 -Inch  diameter  thermoelements  for  a  total  of  over 
845  element  tests  under  this  contract.  This  total  included  generate 
construction  thermoelements  as  well  as  elements  for  evaluation,  unde 
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the  Junction-forming  techniques  and 
phases  of  tne  pr-oject.  Some  element 


fund ament al  invest igat ion 
s  served  both  purposes  in 


order 


Dcttcn  efficiency  in  expenditure  of  effort. 


Test  services  were  also  provided  on  the  arc-plasma  sprayed  tliermo- 


elements  prK)duced  under  that  phase  of  this  contract. 


A  series  of  tests  was  pix)vided  to  assist  in  decerminlng  the 
causative  factors  for  failure  of  the  MCC  ^0-graphlte  intermediate 
Junctions  in  the  initial  advanced  experimental  model  thermoelectric 
generator.  These  tests  contributed  to  the  diagnosis  and  solution 
of  the  problem. 


A  substantial  effort  was  pr-ovided  to  effect  solution  of  the 
problem  of  measuring  intermediate  Junction  temperatures  in  the 
smaller,  fragile^ 1/5- inch  diameter, multi-segmented  thermoelements, 
and  contributed  to  the  construction  and  safe  operation  of  the 
Improved  experimental  model  thermoelectric  generator. 


After  completion  of  generator  screening  tests,  the  testing 
apparatus  v/as  rebuilt  with  the  additional  aim  of  attaining  ,.iea“ 
surements  with  better  reprcvlucibility  and  accuracy.  The  equip¬ 
ment  v/as  so  designed  as  to  Include  a  potential  for  measuring  effi¬ 
ciency  and  thermal  conductivity  which  were  not  possible  previously, 
extensive  problems  with  outgassing  of  the  desired  cast  ceramic 
insulation  in  vacuum  resulted  in  final  substitution  of  multi-layered 
metal  foil  Insulation  in  the  same  physical  shape.  The  resultant 
apparatus  minimized  extraneous  heat  losses  and  achieved  more  re¬ 
liable  e.nergy  balances  capable  of  permitting  meaningful  efficiency 
and  thermal  conductivity  measurements. 


A  hot-pressed  thermoelectric  couple  v;as  successfully  subjected 
to  duration  tests  of  1012  hr.  and  2'jZ JJnennal  cycles.  A  comparison 
between  these  test  results  and  che  1963  state  of  the  art  was  made. 


An  arc-plasma  sprayed  thermoelectric  couple  wav  successfully 
subjected  to  duration  tests  of  IO30  hr.  and  29^  thermal  cycles. 
The  results  of  these  tests  are  presented  under  Section  III  D,  2 
of  Uhls  report. 


Fundamental  Investigation 


The  aim  of  this  Investigation  was  to  more  fully  establish  the 
operating  mechanisms  Involved  In  MCC  40,  50  and  60  thermoelectric 
materials.  This  Included  establishment  of  the  effect  of  nonsoluble 
dispersed  materials  on  electrical  and  thermal  conductivity,  strengthj 
Seebeck  coefficient,  sublimation  and  solid-state  diffusion. 

As  one  facet  of  the  Monsanto  approach,  noncol.  'e  dlj, 
phases  are  used  to  control  the  flow  of  electrons  and  phonons  In  a 
matrix  of  selected  thermoelectric  materials.  Properly  sized  and 
spaced  particles  cause  appropriate  strain  In  the  crystal  lattice 
of  the  matrix  material.  Such  strain  can  be  Intensified  on  heating 
If  the  dispersant  expands  more  than  the  matrix.  The  major  result 
of  this  strain  la  an  Impedance  of  phonon  flow  which  lowers  the 
thermal  conductivity.  In  our  experience,  electrical  conductivity 
and  Seebeck  coefficient  are  generally  not  appreciably  affected. 

The  presence  of  the  dispersant  also  tends  to  Improve  the  strength 
of  the  thermoelectric  material  through  Impedance  of  grain  growth. 
Additionally,  sublimation  effects  and  eolld-stote  diffusion  damage 
are  Inhibited. 

Efforts  to  Improve  thermoelectric  materials  have  been  based 
on  an  increase  in  the  thermoelectric  figure  of  merit,  Z,  which  Is 
related  to  the  major  thermoelectric  parameters: 


where  S  ■»  the  Seebeck  coefficient 

the  electrical  resistivity 
■  the  thermal  conductivity 

In  Monsanto  Company’s  Miapersed-phaoe  approach,  an  Improvement 
In  Z  Is  obtained  by  decreasing  the  thermai  conductivity  with  only 
slight  changes  In  the  Seebeck  and  electrical  resistivity  through 
the  use  of  doping  and  dispersed  Insoluble  particles. 

Thermal  conductivity  In  a  solid  occurs  when  energy  is  trans¬ 
ferred  by  phonons,  fx^e  electrons,  holes,  electron-hole  pairs, 
excltons  and  photons.  It  is  decreased  when  these  energy  carriers 
are  scattered.  Phonons  are  most  affected  by  the  dispersed  particles 
with  some  photon  scattering  also  occurring  from  the  boundaries  of 
flni!  grained  phases  caused  by  the  dispersed  particles. 

Consideration  of  mechanisms  responsible  for  phonon  scattering 
Indicates  the  Importance  of  the  dispersed  phase  particle  to  the 
thermal  conductivity  of  materials.  By  definition: 
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k  =  1/3  Cv 


where  C  =  epeclflc  heat 

V  =  phonon  velocity 
^  phonon  mean  free  path  In  v;hlch 
'  +  1/^2  +•••  where ^3^, /p  ,  are 

the  phonon  mean  free  paths  for 
varlouc  scattering  mechanisms. 

i 

Therefore,  for  a  decrease  In  k,  small  mean  free  paths  are 
desired. 

i. 

'  Since  phonons  are  scattered  by  various  mechanisms,  such  as, 
other  phonons,  static  imperfections,  isotopes,  alloys,  dislocations, 
grain  boundaries  and  electrons,  the  effect  of  each  of  these  mech¬ 
anisms  on  the  mean  free  path  of  phonons  v;as  briefly  considered 
below.*  Phonon-phonon  scattering  In  a  single  phase  material  Is  of 
great  Importance  at  high  temperatures.  The  phonon  mean  free  path 
from  this  mechanism  can  be  approximated  by  the  following  relation: 

/«7a  (TmA) 

'  where  a  »  the  Interatomic  distance,  A 

the  melting  point.  "K 
T  *  the  temperature, 

On  the  basis  of  this  equation,  mean  free  paths  of  0.2u 
between  phonon-phonon  Interactions  v;ould  be  expected  for  MCC  50, 

MCC  60  and  MCC  40  materials. 

Static  Imperfections  are  effective  as  a  phonon  scattering 
mechanism,  and  are  probably  the  most  effective  from  the  dlspersed- 
phase  approach.  An  approximate  relation  for  dilute  dispersions 
follows: 

^»^a/2(l  -  Ai/A)%i 

whex’e  a  =  lnteratomlc<,dl3tance  of  the  matrix 

materials,  A 

Aj-  the  atomic  weight  of  the  Impurity,  grns. 

.  A  =  the  atomic  weight  of  the  lattice 

,  ttie  fraction  of  Impuidty. 


"^fTlilb  study  Is  lareoly  based  on  ideas  advanootJ  by  K.  W.  Keyes  and 
,7.  E.  Bauerle,  Thermoelectricity:  :»clence  and  Eni-M Ir.ter- 
ijcience  Publishers, "K[ew''Yo'rJr,  ;incT'  T*.  De w - Ti'u e s  ( a  t e c hn  1  c a  1 

Aote)  in  Acta  Metallurgica,  Vol.  S,  l^v^,  pp.  !Ut'-17\ 


145 


Because  lattice  Irnperfe .cions  ani  phonon  scattering  resulting 
from  Isotope  scattering  tend  to  be  quickly  removed  (annealed)  at 
high  temperatures,  this  mode  of  scattering  v.'as  not  considered  for 
this  study.  Additionally,  alley  (solid-solution)  scattering  as  a 
phonon-scattering  mechanism  'ahs  not  considered  in  this  study,  since 
it  v;as  confined,  for  the  present,  to  leariiing  more  about  the  effect 
on  phonon  scattering  of  insoluble  dispersants. 

Dislocation  scattering  is  affected  by  dispersed  phases.  An 
equation  for  the  phonon  mean  free  path  from  dislocations  is; 


where 


=  a/a  Nb^ 

=  constant  ( ^  l) 

=  the  number  of  dlsDocatlons 
-  Burger’s  vector,  cm 


The  number  of  dislocations,  even  In  highly  stressed  materials 
where  as  many  as  10^^/cTn-'  may  be  produced,  is  not  sufficient  to 
do  much  scattering.  However,  this  number  can  be  increased  hy  using 
dispersants  with  large  differences  In  thermal  expansion  coefficients 
between  the  dispersant  and  the  parent  lattices,  according  to  tne 
following  relation: 


am  - — (T 


where 


the  difference  in  the  volume  theniial 

expan.sion  coefficients, 

the  dispersed  phase  part ic If  liameter. 


Boundary  scattering  also  will  be  enhanced  by  dispersed  phases 
since  they  produce  fine-grained  materials.  The  mean  free  path  of 
the  phonon  is  related  to  grain  size  as  foliov/c: 


/here 


D  =  the  average  grain  diameter,  cm. 


As  mencloned  before,  photions  are  also  scattered  bj’’  grain 
boundaries,  so  sttainment  of  fine-grain  size  in  high -temperature 
thermoelectric  materi'-ls  is  doubly  important. 

Phenon  scattering  by  elect z'ons  is  usually  small  for  thermo¬ 
electric  materials  so  it  was  neglected  for  the  materials  and  thermal 
conditions  of  this  study. 
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Tne  dlspentants  should  nave  higher  atomic  /.eights 
and  different  volume  thermal  expansion  coefficients 
than  the  matrix  or  therrr^oelectric  material. 
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More,  closelg  spaced  uniform  dispersions  of  more  in- 

solutle  particles  x^ere  sougnt  as  a  means  of  further  improving  MCC 
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Considerable  effort  xas  directed  tetard  determining  the  micro- 
structure  of  MCC-based  thennoelectric  miateriais.  ?nase  efforts 
v/ere  initially  impeded  by  a  serious  tendency  of  tie  specimens  to 
crack  during  preparation.  For  easier  han'lin^.  specinens  to  be 
polished  for  microstructure  evaluation  xere  mounted  in  a  bakelite 
plastic  and  cured  under  3500  psi  pressure  at  13u*Cv  Unis  technique 
apparently  exerted  substantial  tensile  forces  on  t;:e  ceramlc-llke 
thermoelectric  specimen,  resulting  in  crack  formation.  Wlien  this 
mechanism  v.-as  discerned,  ASTRO-MET  cold-mount  resin  ;vas  substi¬ 
tuted  for  the  bakelite  plastic  and  the  problem  successfully 
circ”amvented.  Figure  4e  uses  macrophotographs  of  a  typical  MCC 
n-type  specimen  at  8.5x  to  illustrate  the  problem  and  solution. 

Both  specimens  were  cut  from 
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pi’ocessec  in  a  similar  manner  except  for  mounting  technique. 


T]';e 


upper  photo  is  that  of  the  bakelite-mounted  specimen  and  the 
lov/er  photo  is  of  the  '’cold-mounted’’  sibling.  The  cracking  phenorri- 
enon  seen  In  the  upper  photo  is  complete':':.'  eliminated  in  the 
specimen  presented  in  the  lo;ver  photo. 
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V/h.en  '-his  problem  was  solved, 
techniques  for  polishing  MCC-based 
wo'uld  permit  viev.'ing  and  measuring 
dispersed  particles  used  to  control  =-;iciir- 
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since  the  polishing  of  suc'n  hard,  brittle  materials  produced  surfac 
pitting  'whic'n  effectively  masked  observations  of  t'ne  size,  and  sj^ac- 
ing  of  the  dispersed  particles.  The  larger  grit-size  abrasi'ves 
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Figure  4^.  n-Type  MCC  40  Specimen  Mounted  In  Different 
Resins,  Unetched,  8,5X 
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preparing  specimens  of  tne  MCC-tased  them- uelec uric  materials  for 
microstruc tural  examination  were  evolved.  Jnccessfiil  preparaiion 
of  MCC  50#  MCC  oO  and  p-  and  n-type  MCC  40  specimens  v;as  finally 
achieved  in  the  following  manner: 

a.  If  necessary,  the  thermoelement  was  sectioned  with  a 
diamond  cut-off  saw. 

b.  The  sectioned  piece  v;as  ti  eri  mounted  in  cold-mount 
resin,  and  leveled  by  surface  grinding  v/itn  a  diamond 
abrasive  wheel.  Extreme  care  was  taken  during  the 
grinding  operation  to  obtain  the  best  possible  surface. 

c.  Tae  specimen  was  smoothed  on  a  l.  O-grit  silicon- 
carbide  belt  Sander  u-ntil  no  further  improvem.e.nt 
resulted. 

d.  The  fl-nal  step  for  each  of  the  MCC  thermoelectric 
materials  was  a  preliminarv  uolish  o.n  a  Ip  diamond 
abrasive  lap.  This  operation  was  conti.nued  until  no 
further  cha.nge  i.n  the  surface  was  obtai.ned.  The  specim.e 
was  then  ready  for  initial  evaluation  under  an  optical 
microscope . 

e.  Pinal  polishing  on  MCC  50  and  MCC  So  materials  v:as 
accomiplished  on  a  cloth  lap  v;ith  0.5b-  diamond  abrasive 
and  0.3u-  alumina  abrasive,  respectively.  Stchinr,  v.’here 
desired,  was  done  electrolytically  w-ith  a  lOu  aqueous 
HCl  solution. 

f.  Final  polishing  on  p-  or  n-type  MCC  40  materials  was 
best  accomplished  on  the  0.5M-  diamond  abrasive  lap. 
Etching  v;as  accomplished  at  room  temperature  v;ith  the 
following  solutio.n: 


10  ml.  'dm^ 

5  ml.  Hr  "" 

79  ml.  CgHgOp. 


Microscopic  observations  made  on  specime.ns  prepared  by  the 
above  procedures  provided  evide.nce  to  sl-ow  that  the  existing 
microstruc cures  were  far  from  the  desired  goal  of  closely  spaced, 
uniform  dispersions.  A  photomicrograph  of  a.n  .MCC  59  specimen, 
presented  in  Figure  43,  clearl:  si.o'ws  the  calclu-m  oxide  dispersed 
phase.  This  sample  v;as  unetched  and  photographed  at  5'^^M  magr.i- 


Figure  45.  Microphotograph  of 
MCC  50  Showing  Dis¬ 
persed  Phase,  as 
Polished,  50OX 
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P^xO^  ^ere  identified  as  calcium  oxide.  They  appear  to  be 
appi  matsiy  1-P  microns  in  diameter  and  fairly  v;ell  dispersed. 

The  'ger  black  areas  in  this  figure  appear  to  be  either  voids 

resuxcang  from  earlier  polishing  procedures  or  porosity  present 
in  the  "as  produced"  MCC  50  segment.  The  occasional  white 
pai’ticles  that  can  be  observed  are  beJieved  to  be  reaction  pro¬ 
ducts,  possibly  caused  by  a  partial  solubility  of  the  calcium 
oxide  with  constituents  of  the  matrix  material.  Other  sam^ples 
of  KCC  50  that  were  examined  showed  dispersants  of  v.'ldely  var;^’'lng 
size  and  spacing,  although  all  appeared  quite  fine-grained  when 
viewed  with  polarized  light.  Both  p~  and  n-type  MCC  4C  exhibited 
small  dispersed  particles;  hov/ever,  the  dispersion  distribution 
was  poor  in  all  cases.  No  dispersions  were  detectable  in  MCC  60 
specimens  up  to  the  optical  microscope  limit  of  17OOX.  The 
electron  microscope  was  pressed  into  service  for  an  examination 
at  20, OOOX  and  a  few  particles  were  observed  having  diameters 
less  than  0.5M* 

Microscopic  observations  made  on  specimens  prepared  by  the 
above  procedures  provided  evidence  to  shov:  that  present  micro¬ 
structures  were  far  from  our  desired  goal  of  closely  spaced,  uni- 
fonn  dispersions.  The  hot-pressed  MCC  50  malarial  showed  disper¬ 
sants  of  v/idely  varying  size  and  spaclngs.  Some  similar  flame- 
sprayed  samples  exhibited  larger  Quantities  of  dispersed  phases 
and  a  substantial  degree  of  material  orientation  clue  to  spraying. 
All  samples  v/hen  vieived  v/ith  polarized  liglit  were  fine-grained. 
Both  p-  and  n-type  MCC  4C  exhibited  small  dispersed  particles 
that  were  poorly  distributed.  No  dispersants  were  detected  in 
the  MCC  60  specimens  with  the  optical  microscope  up  to  I7OOX. 
Viewing  specimens  of  MCC  60  to  20, OOOX  under  the  electron  micro¬ 
scope  showed  thar  the  nimiber  of  dispersed  particles  were  few  and 
generally  less  than  0.5bi* 

Specimens  of  the  MCC  60,  MCC  50,  p-  and  n-type  MCC  40,  pre¬ 
pared  as  indicated  above,  wei’e  each  examined  with  electron  micro¬ 
scope  to  20, OOOX.  Replicas  of  the  final  polished  surfaces  were 
obtained  in  the  follov/ing  manner: 

a.  A  piece  of  cellulose  acetate  tape  was  softened  v;ith 
acetone  and  pressed  firmly  on  the  specimen  surface 
with  a  rubber  applicator. 

b.  After  the  tape  v/a;  Ir;/,  it  -was  stripped  from  the 
.specimen  surface  ar;a  placed  in  an  evaporator  where 
it  was  coated  with  a  iOoA  layer  of  carbon  and 
shadov/ed  at  45'^  with  chromium. 


I'.  Small  squares  were  then  cut  from  the  coated  tape 
and  placed,  carbon  side  down,  on  400 -mesh  copper 
grids  in  an  acetone  wash  dish.  After  the  cellulose 
acetate  was  dissolved, the  replica  was  ready  for 
examination  with  the  electron  microscope. 

An  electron  micrograph  (5jv00X)  of  a  typical  hot-pressed 
MCC  50  specimen  Is  presented  In  Figure  46.  It  shows  particles  of 
a  large  range  of  sl^es  (0.1  to  2n)  fairly  well  dispersed. 

The  spacing  between  particles  ranged  from  <0.1|j.  to  about  Ip.,  or- 
reasonably  close  to  the  <0.2m.  Interpar t J c le  spacing  desired  for 
hlgh-qua lity  , high- temperature  thermoelectric  material. 

As  shown  In  Figure  47  at  9OOOX,  the  number  of  particles  per 
unit  volume  of  a  hot-pressed  p-type  MCC  40  specimen  was  appreciably 
less  than  that  for  the  MCC  50  material.  The  average  particle  size 
determined  by  examining  the  total  specimen  area  was  about  0.5u., 
with  spacing  of  l-lOp.  between  particles. 

The  n-type  MCC  40,  as  shown  in  Flgux'e  48  ,  also  exhibited  widely 
scattered  particles.  Average  particle  size  was  Judged  to  be  about 
0.2^i,  with  Inter-par  tide  spacing  of  O.24  to  6f!  .  This  specimen 
exhibited  large  areas  containing  phases  that  could  not  be  iden¬ 
tified. 

It  was  (.'oncluded  that  both  p-  and  n-type  MCC  40  specimens 
Indicate  a  need  for-  reduction  In  size  and  spacing  of  dispersants. 

Figure  4y  shows  a  typical  electron  micrograph  of  hot-presscvi 
MCC  60  at  9OO0X.  The  microstructure  of  this  material  exhibited 
at  least  three  different  phases  ranging  In  size  from  about  0.3ii 
to  30u.  These  phases  appeared  to  occupy  50-705^  of  the  volui-i.e  of 
the  MCC  60  material.  The  extremely  complicated  structure  makes 
Identification  and  Interpretation  of  the  Importance  of  these 
phases  tc  the  thex-moelectrlc  properties  of  MCC  bO  a  subject  fox- 
future  major-  efforts. 

The  metallogxMphlc  examine tlon, In  general,  uses  the  optical 
metallograph ,  the  electi-on  microscope  and  the  mlcrohardness  tester, 
and  Is  one  of  the  most  Important  diagnostic  tools  available  for 
Improving  the  Monsanto  dlspersed-phase  thermoelectric  materials. 

The  presence  of  the  desired  small,  relatively  Insoluble,  well- 
dispersed  particles  must  be  observed  in  the  microstructure  of  a 
thermoelement  before  an  attempt  can  be  made  to  correlate  the 
structui-e  with  measured  thermoelectric  pi'opertles.  The  obae:  v<»d 
correlations  then  furnish  the  best  available  guide  to  permit 
attainment  of  the  best  stx’ucture  and  resultant  best  properties. 


IS.'? 


Figure  ^6. 


Electron  Micrograph  of  MCC  50 
Showing  Dispersed  Particles, 
Unetched,  5500X 


Figure  47.  Electron  Micrograph  of  p- 
type  MCC  40  Showing  Dis¬ 
persed  Particles,  Unetched, 
9OOOX 
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Figure  48.  Elec^^ou  Micrograph  of  n- 
type  GC  4o  Showing  Dis¬ 
persed  Particles,  Un¬ 
etched,  13o00X 
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Figure  49.  Electron  Micrograph  of 
MCC  60  Showing  Dis¬ 
persed  Particles,  Un¬ 
etched,  9000X 


Several  derivations  in  s m-U'- tui--  noted  during  teehnl  juj 
development  appeared  to  have  .•onsl durable  clgnlflcance  in  r-,  latlor. 
to  problems  that  occurred  In  model  generator  construction  and 
operation.  Accordingly,  eiTort  w.c  ex^,^^ndcd  to  follovv  these  lines 
of  inquiry  and  effe-  t  soiullorjo. 

The  micros  true  tui-e  of  hoi-precsed  MCC  'iu  die  not  appear  to 


e  Irnen 


Honogenlzntlon 
enc,  to  1100  l.n  an 
though  little  homog- 


be  that  expe^-ted  for  a  solid-Do  rutlon  a.loy.  Honogenlzntlon 
treatments  were  attempted  by  heating  ape  Irrienc  to  llOO^r  l.n  an 
inert  atmosphere  furnace  for  iOO  houi-s  .  Although  little  homog- 
enlzotlcn  was  ot.oorved,  there  did  apperr  to  be  so.tie  gi-aln  growth 
and  dissolution  of  a  secondary  phase.  The  most  intei’estinr. 
change,  however,  was  the  appearance  of  a  small  amaunt  of  a 
previously  unobserved  material  at  one  junction  o''  KCC  ^OP  with 
graphite.  Tills  material  was  gia-y  in  color  and  concrar-tea  with 
the  white  MCC  ^K)P  and  dark  gi’.aphlte  ,  as  shown  In  Figure  oO .  This 
mlcrogi'aph  also  shows  white  sphei'oldal  particles  of  MCC  -iOP  and 
black  voids  in  the  gr-ey  material.  Careful  cbocrvations  also 
revealed  a  few  darker  grey  par'tlcj<“s  ui'  unknown  comi  os  1  tlo.n . 
microhardness  survey  of  the  uxildentlf led  material  phase  indicated 
that  it  was  slightly  softer  than  MCC  ‘O. 

A  micrograph  oi’  a  similarly  exposed  MCC  ^ON  fpeclmen,  shown 
in  Figure  required  a  more  difficult  analysis,  but  showed  what 
appeared  to  be  rather  extensive  amounts  of  the  newly  observed 
material.  The  apparently  scattered  distribution  (compared  with 
MCC  40P)  and  masking  by  the  white  MCC  AON,  the  dork-grey  graphite, 
and  the  light-grey  MCC  60  mode  positive  Identificat Ion  more 
difficult. 

Since  so.me  of  the  segmented  thermoelements  Incorporated  in 
the  original  version  of  the  advai-iced  experimental  model  ther.r.o- 
electrlc  generator  had  foiled  at  the  MCC  AO  graphite  Inlerfaoe 
due  to  incipient  melting,  the  observed  material  was  postulated  as 
being  the  cause  of  these  failures.  An  attempt  to  Induce  such 
failure  waj5  made  by  heating  segmented  thermoelements  to  p  unlfor.m 
1000 “C  in  a  vacuum  fui'nnce  foi*  2A  hours.  Nodes  of  the  ooserved 
material,  slmJlnr  to  ttiooe  of  Figui'o  ‘.0,  were  foi'med  nt  *:he  inter¬ 
faces  . 

An  e\tenolve  exaiiilnitJcn  of  existing  npecimrujo  o'f  cho.cr.j- 
elemonts  chat  had  been  held  at  i-elative-y  lilgh  lempera i ui'er 
(900-1100  ■’C)  during  oereenirg  oi  ondui'anee  teats  revealed  many- 
more  examples  of  the  materlr i  that  had  not  been  noticed  in  previous 
examinations.  This  examitm;  Jon  indicated  that  tht-  T,  !ier!a.  Itself 
was  compose'd  ol'  at  least  tiaree  distinct  phases,  bu  i  this  ould 
not  be  definitively  eatabiJshed. 

Although  a  positive  identificat  !on  ol'  tlie  observed  ic^attu'ial 
could  not  be  made,  a  i-audative  liypothesis  fo:'  the  Junct  Ion  faliui-e 


Figure  50.  Photomicrograph  of  MCC 
40p  Structure  Showing 
Newly  Observed  Material 
(see  descriptive  text). 
Unetched,  5OX 
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Figure  51.  Photomicrograph  of  MCC 
40n  Structure  Showing 
Newii'  Observed  Material 
(see  descriptive  text). 
Unetched.  200X 
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between  graphite  and  MCC  40  thermoeloctrlc  rnateil^i  waa  postulated 
from  the  observations.  If  a  progressive  rea  'tlcn  be' wee:,  a  major 
component  of  MCC  40  and  graphite  removed  that  co.a.i.'oner t  fro;,  a 
local  area  of  the  material,  then  the  deficient  mater-lai  r--ma-nlng 
(the  unknown  material  observed)  -ould  be  expe'ted  to  have  a  lower 
melting  point.  This  reaction  could  then  proceed  across  the  bonded 
zone  until  mechanical  separation  and  catastrophic  failure  of  the 
thermoelement  occurred. 


A  few  standard  comparison  materials  were  prepared  in  order  to 
expedite  Identification  of  unknown  materials  by  microscopic  a.nd 
microhardness  comparative  techniques.  This  technloue,  while  very 
useful  and  promising,  could  not  be  carried  to  completion  within 
this  contract  period  because  there  was  not  sufficient  time  or  fund- 
Ing  to  permit  analyses  of  the  considerable  number  of  unidentified 
constituents  appearing  In  MCC-type  thermoelectric  materials.  The 
unidentified  phase  remains  so  defined. 


An  effort  was  made  to  examine  three  p-type  and  three  n-type 
3/8-lnch  diameter  segmented  thcrmoele.ments  on  which  an  evaluation 
of  electrical  resistance  profiles  had  been  made  and  which  exhibited 
Irregularities  In  electrical  contact  resistances.  These  specimens 
wore  sectioned  longitudinally  In  order  to  scan  structures  along 
the  element  axis.  Figure  52,  shows  a  MCC  40  graphite  Junction  which 
was  found  to  have  a  much  lower  electrical  resistance  than  tr.e  sl.m- 
llar  Junction  represented  in  Figure  53.  Both  photomicrographs  show 
representative  views  of  the  MCC  40-graphlte  cold  Junction .with  the 
white  MCC  40  and  dark  graphite  materials  easily  recognizable.  A 
correlation  appears  to  exist  between  the  greater  penetration  of 
MCC  40  Into  the  gx'jphlte  during  fabrication  and  the  higher  elec¬ 
trical  I'eslst.inee  .measured  on  the  Junction  Illustrated  in  Figure 
53.  Examlnat.lon  of  the  MCC  40-graphite  inloi’medlate  Junction  (:.t 
the  Ti  site)  revealed  a  sl.'i...lar  situation.  In  all  cases,  the  jun  - 
tlon  having  the  gr-e.-itesl  MCC  40  penetration  Into  the  gi-iiphlte  a.;cc 
had  the  higher  measured  electrical  resistance.  The  alteration  cf 
the  penetratovi  MCC  4o  sti'ucture  in  the  graohlte  of  the  n-type 
specimens  was  also  of  Int.erest.  Figure  54  shows  a  higher  mag¬ 
nification  of  the  white  MCC  40  material  in  the  black  graphite 
matrix.  The  gi’ey  material  in  this  photo  appears  to  be  a  reaction 
pi’oduct  between  the  MCC  40  material  and  either  the  graphite  msti’ix 
or  MCC  60  material  penetrating  from  the  other  (hotter)  side  of 
the  graphite  Interrp.edlate  disc.  Since  the  reaction  appears  to  be 
moi’e  ..•ou'.pleie  as  the  MCC  60  segreent  is  approac'hed,  this  could  be 
construed  to  rupp'vjrt  :  be  Iatt..r  hypothesis,  but  a  tempera  tur'e - 
depender.t  reactior>  va rial  Jo::  cowards  t  he  hotter  end  of  the  Ibauano- 
element  during  operation  coulii  be  lacumed  to  have  equal  valUiitv. 


A  definitive  an; 
at-tlcn  o.'curi’ed 
perature  or  du:v’ 


iysis  wennKi  requJre  knowledge  of 
^’■'m.artly  diirir.g  f'lbr  ieot ‘on  at  .• 
b.e  e.T.oe  ;  f'iiionv  vnicx'a  t  t..ai  when  ; 


whether  the  r: 
uni  for:;  tem- 
tcinper  it  ire 
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Figure  52.  MCC  40-Graphlte  June 
tlon,  Unetched,  50X 


Figure  MCC  40-Graphlte 

Junction  with 
Graphite  Inter¬ 
mediate  Between 
MCC  ^0  and  MCC  cO, 
Unetched,  cOOX 


gradient  was  In  existence. 

The  MCC  60-graphlte  Junctions  also  showed  observable  relations 
between  structure  and  measured  properties.  Figure  55  shows  a 
sharp  transition  between  the  white  MCC  50  and  the  grey  graphite 
matrix.  This  specimen  exhibited  a  high  electrical  resistance. 
Figure  56  shows  a  similar  Junction,  tut  with  a  broader,  gradual 
transition  zone  and  a  lower  electrical  resistance.  The  broader 
transition  zone  appears  to  Indicate  a  better  metallurgical  bond 
between  the  thermoelectric  material  and  Its  Junction  In  this  case. 
While  the  photomicrographs  are  of  the  Junction  between  the  .MCC  60 
segment  and  the  Intermediate  graphite  disc,  examination  of  the 
element  hot  Junctions  showed  a  similar  relation  between  the  same 
microstructure  and  electrical  resistance.  A  cursoi’y  exa.mlnatlon 
of  the  Junctions  between  MCC  50  and  graphite  revealed  no  appre¬ 
ciable  variance  In  structures  or  electrical  resistance. 

One  of  the  advantages  realised  from  Monsanto  Company's  dls- 
persed-phase  thermoelectric  approach  Is  the  stabilization  of 
grain  size  In  materials  exposed  to  high  temperatures  for  long 
periods  of  time.  Availability  of  specimens  which  had  been  operated 
In  duration  testing  at  high  temperatures  for  periods  in  excess 
of  1000  hours  offered  an  excellent  opportunity  to  validate  this 
on  a  microstructure  basis  by  direct  comparison  with  "as  pressed" 
specimens.  Figure  57  presents  photos  of  the  mlcrostructures 
representative  of  p-  and  n-type  MCC  ^0  specimens,  before  and 
after  1000-hrs.  exposure  In  a  vacuum  under  a  950 “0-500 ^C  tem¬ 
perature  differential.  The  structures  shown  In  this  figure  were 
representative  of  those  for  the  entire  volume  of  each  specimen, 
showing  that  the  dlspersed-phase  approach  prevents  grain  growth 
for  at  least  1000  hours  at  temperatures  to  950 “C. 

In  summary,  an  extensive  survey  of  mechanisms  potentially 
assignable  to  Monsanto's  dlspersed-phase  MCC- type  ther.moelectrlc 
materials  was  made  and  the  results  analyzed.  Efforts  were 
simultaneously  expended  to  provide  mlci’ostructure  examination 
techniques  for  correlation  of  mechanisms,  measui'ed  properties  and 
material  microstructure.  These  techniques  involved  devolop.ment 
of  special  mounting  procedures  as  well  as  surface  preparation 
and  etbhlng  techniques.  Some  coi*reIatlon  was  achieved  between 
micros  true  tur.jl  phenomena  observed  and  measured  thormoeleetric 
propei'tles.  An  Initial  an.^lysls  of  the  I'elatlonshlp  between 
theoretical  potential  and  state-of-the-art  achievements  Irsdicated 
substantial  room  I’or  improvement  of  MCC-based  materials  in  all 
areas.  The  mechanism  responsible  for  failure  of  thenmoeiomonts 
in  the  advanced  experimentai  model  (50~watt)  thermoelectric  gen¬ 
erator  was  Identified  during  development  of  techniques  to  observe 
micros  true  turc ,  and  a  basis  laid  to  pri.'veni  occurrence  in  lie 


Figure  55.  MCC  60-Graphii;e  Junc¬ 
tion,  Unetched,  50X 


Figure  56.  MCC  60-Graphite  Junc¬ 
tion,  Unetched,  5OX 
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future.  An  appreciable  amount  of  progress  was  r^adt*  In  '^Ke 
direction  of  explaining  fundamental  mechanisms  responsible 
for  the  thermoelectric  behavior  of  MCC-based  materials.  The 
primary  significance  of  this  progress  is  that  It  broadened  thv 
base  of  our  knowledge  of  high-temperature  thermoeiec  trl.' 
phenomena . 


E .  PRELIMINARY  INVESTIGATION  CP  SYSTEMS  CONCEPTS 


This  section  presents  the  results  of  a  prelirr.lnary  investi¬ 
gation  of  several  high- temperature  thermoelectric  space  power 
system  concepts  and  considers  nuclear,  radioisotope,  and  solar¬ 
concentrating  types  of  heat  sources  for  thermoelectric  generators 
that  would  utilize  the  properties  of  Monsanto  Company  high- tem¬ 
perature  thermoelectric  materials  and  components  anticipated  for 
1964-1965.  It  also  presents  the  projected  performance  of  advanced 
high- temperature  thermoelectric  materials  and  components  antic¬ 
ipated  during  1971-1985 . 

Three  types  of  nuclear  reactor  heat  sources  were  considered 
for  the  thermoelectric  space  power  system  concepts  Investigated. 
The  code  name  and  descriptive  title  for  each  system  studied  are 
presented  below: 

1.  HORSE  (High  Temperature  ^ut-cf-Pile  Reactor-Powered 
System  for  Generation  of  Elec trie ityj 

2.  TIGER  (^ermoelectric  In-Pile  Generator  of  Electricity 
Utilizing  a  Reactor  Heat  Source) 

3.  SWIFT  (System  for  Power  Generation  with  ^n-Pile  Fluid 
^ermoelec trie  Elements) 

Additionally,  eight  radioisotopes  were  also  considered  as 
sotential  heat  sources  for  thermoelectric^space-type  power  units, 
tfith  particular  attention  devoted  to  Cm2-4  Sr^^.  The 

)erformances  of  these  three  isotopes  as  heat  sources  are  represen- 
:ative  of  those  for  the  eight  isotopes  considered  in  this  investi¬ 
gation.  A  thermoelectric  space  power  system  with  a  solar-concen- 
:rating  type  of  heat  source  was  also  briefly  considered. 


In  arriving  at  optimized  performance  figures  for  each  of  the 
systems  in  /-estigated,  separate  FORTRAN  optimization  programs  were 
)repared  on  an  Air  Force  IBM  7094  computer.  All  computer  programs 
;ere  based  on  cylindrically  shaped  thermoelectric  generators, 
lenerators  of  spherical  and  flat  configurations  v.*ere  Judged  to 
ie  too  expensive  and  too  difficult  for  present  fabrication  pro- 
esses  , 


For  purposes  of  this  preliminary  investigation  the  following 
hermoelectric  and  structuitl  material  properties,  considered 
ttainable  during  1964-1965?  were  used  as  input  to  the  computer 
rograms  for  each  of  the  systems  investigated,  with  the  exception 
f  the  solar-concentrating  thermoelectric  system.  For  the  solar- 
eated  system,  a  thermoelectric  generator  of  15  watt(e)/lb  output 
as  used  to  calculate  system  performance. 
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Material 

1964-1965 

Application 
Temperatures , 
°G 

Material 

Density 

g/cc 

Characteristics'^ 

Average  Average 

,  Seececk,  p, 

uv/®C  ohjn-cm 

H 

8] 

1 

S 

Average  a 

k,  .  i 

watt/cm ®C  1 

MCC  50 

700-1200 

2.34 

+185 

0.0045 

0.0223  i 

MGC  40  (0) 

300-900 

3.76 

+240 

0.0042 

0.0336  1 

MCC  60 

900-1200 

2.97 

-125 

0.0044 

0.0430  1 

MCC  40  (n) 

300-950 

3.99 

-312 

0.0046 

0.0300  1 

Graphite 

Radiator, 

500-1200 

2.25 

— 

0.1135 

1.0  1 
f 
g 

copper 

I.  .sulatioa. 

5OO-7OG 

8.9 

- 

0.0000 

3.8  ; 

% 

therma 1 

500-1200 

1.0 

- 

- 

0 .00064  ; 

Estimates  of  the  average  contact  resistance  per  unit  area  of 
the  thermoelements,  used  for  the  thermoelectric  generator  opti¬ 
mization  studies,  were  selected  on  the  basis  of  measurements  made 
on  representative  hot-pressed  3/8- Inch  and  l/2-inch  diameter 
segmented  p-  anc  n-type  thermoelements.  The  resultant  values  were 
0.0073  and  O.OI3I  ohms/cm2  for  p-  and  n-type  thermoelements, 
respectively . 
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For  purposes  of  projecting  the  performance  of  thermoelectric 
generators  to  the  1971-85  period,  the  following  thermoelectric  and 
structural  material  properties  were  used.  K  and  M  were  used  to 
signify  improved  high  and  medium  temperature  materials. 

Predicted  1971-1985  Material  Characteristics 


Material 

Application 
Temperatures , 
®C 

Density, 

g/cc 

Average 

Seebeck, 

Uv/°C 

Average 

ohm- cm 

Average 

k, 

watt/cm 

MCC  H-p 

700-1400 

2.3 

260 

.0027 

.022 

MCC  M-p 

300-1050 

3.7 

340 

.0025 

.0^0 

MCC  M-n 

900-1400 

2.9 

210 

.0026 

.037 

MCC  M-n 

300-1050 

4.0 

350 

.0027 

.030 

While  advances  will  be  made  in  techniques  for  reducing  the 
resistance  at  junctions  between  contacts  and  thermoelectric  mate¬ 
rials,  the  3964-65  values  of  contact  resistance  were  used  for  the 
1971-1985  performance  predictions.  If  Improved  thermoelements 
with  lower  contact  resistances  are  produced,  the  performance  of 
future  thermoelectric  systems  will  be  benefited  accordingly. 


♦August  1964  material  characteristics.  These  values  supplant  those 
used  in  the  Third  garter ly  Report,  June  1964. 
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1,  Nuclear  Out-of-Pile  and  In-Plle  Thermoelectric  Space  Power 
Systems 


a.  Introduction  The  results  of  preliminary  investigations 
of  nuclear  out-of-pile  systems  and  in-pile  systems  equipped  both 
with  and  without  heat  transfer  loops  are  herewith  presented.  The 
system  coded  HORSE  utilizes  a  coolant  loop  to  transport  heat  from 
a  reactor  to  the  hot  junction  of  the  thermoelements.  The  system 
coded  TIGER  requires  no  loop  since  the  thermoelements  are  attached 
direci;ly  to  the  reactor  and  remove  heat  from  the  cold  Junctions 
by  direct  radiation.  The  system  coded  SWIFT  utilizes  a  coolant 
loop  to  remove  heat  from  the  cold  junctions  of  thermoelements. 
Calculations  were  done  with  both  the  19o4-65  and  the  1971-85  sets 
of  thermoelectric  parameters  for  each  of  tnree  different  concep¬ 
tual  designs  in  order  to  determine  the  effect  of  these  parameters 
on  the  performance  of  these  systems. 

The  achievement  of  good  Carnot  efficiencies  is  aided  by  the 
use  of  MCC  50  =ind  MCC  60  thermoelectric  materials  which  permit 
the  operation  of  thermoelectric  generators  at  temperatures  up  to 
1200-1400 °C.  However ,  thermoelectric  generator  operation  at 
1200-1400 ®C  requires  high- temperature  reactors  as  heat  sources. 

Operating  temperatures  of  1200 ®C  or  higher  preclude  the  use 
of  hydrogen  as  a  moderator  in  a  nuclear  reactor  because  it  would 
diffuse  out  of  the  system.  All  other  moderators  are  much  less 
efficient  than  hydrogen.  Prom  the  point  of  view  of  weight,  the 
next  best  choice  to  hydrogen  is  beryllium,  which  would  greatly 
increase  the  weight.  Any  moderated  reactor  not  containing  hydro¬ 
gen  would  be  heavier  than  one  which  did  not  contain  a  moderator. 

For  this  reason,  a  fast  nuclear  reactor  was  used  in  order  to 
conserve  weight . 

During  the  study  of  the  systems  considered  in  this  report, 
it  was  assumed  that  the  payload  had  a  diameter  of  3  ft .  and  that 
it  consisted  of  electronic  equipment  containing  transistors. 

The  radiation  resistance  of  the  transistors  is  the  limiting  factor 
which  determines  the  reaction  shielding  requirements.  Transistors 
can  withstand  approximately  a  neutron/cm.  and  107  Rad  (C)* 

of  gamma  rays  over  thei.  lifetime.  These  limits  were  lowered  to 
5  X  10^2  neutrons/cm^  and  6  x  10°  Rad  (C)  of  gamma  rays  for 
systems  containing  coolant  loops  to  allow  for  scattered  radiation. 
Mission  lifetime  was  assumed  to  be  10,000  hours  in  all  cases. 


*bne  Rad  (c)  is  defined  as  the  amount  of  radiation  which 
produces  100  ergs  in  one  gram  of  carbon. 


k: _ Present  State  of  the  Art  It  Is  generally  agreed  that 

nuclear  power  will  be  the  most  likely  source  of  power  where  quan¬ 
tities  in  excess  of  a  few, tens  of  .kilowatts  are  needed  C*or  more 
than  a  few  weeks’  duration^^^^ ‘  ^  .  Nuclear  systems  based  on 

thermoelectric  energy  conversion  offer  the  following  potential  ad¬ 
vantages  ; 

1.  Ruggedness  and  reliability 

2 .  High  power  per  unit  area  and  volume 

3.  Elimination  of  orientation  and  deployment 
operations 

^ .  Continuous  power 

5.  Safety  upon  launch 

6.  Remote  control  start  and  stop 

A  large  amount  of  development  work  has  been  done  on  three 
nuclear  reactor-based  space  power  systems;  SNAP  lOA.,  SNAP  2, 
and  SNAP  8v  These  three  systems  utilize  a  zirconium  hydride¬ 
moderated,  thermal  reactor  as  the  heat  source.  Each  of  the  three 
systems  operates  at  temperatures  well  below  1200 °C.  SNAP  lOA 
utilizes  germanium-silicon  thermoelectric  elements  located  out- 
of-plle  as  the  method  of  power  generation,  SNAP  2  and  SNAP  8 
produce  power  by  means  of  alkali-metal,  Ranklne  cycle  turbines. 

The  expected  electrical  output,  system  performance,  fuel 
cost,  and  system  volumes  are  summarized  for  SNAP  lOA,  2,  and  8 
in  Table  281^®^*  K 


Table  28 

EXPECTED  PERFORMANCE  OP  PLANNED  SPACE  POWER  SYSTEMS 


System 


Power 


Output , 
KW(e). 


System 

Performance*  ,  Fuel  Cost, 
lbs ./KW(e)  $/KW(e) 


System  Volume, 
ft.3/KW(e) 


SNAP 

lOA 

0  . 

1300 

96,000 

SNAP 

2 

3. 

^400 

16,000 

SNAP 

8*“ 

30 . 

>100 

2,600 

h 


♦unshielded 
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reactor-based >  space  power  system  Is  In  the 
conceptual  design  stage,  SNAP  50,  based  Upon  a  ceramic-fueled, 
last  reactor,  will  use  an  alkali-metal  turbini^  as  the  method  of 
power  generation.  This  system,  having  a  35O  KW(e)  output,  has  an 
estimated  system  performance  of  15  lbs./KW(e),  excluding  the 
weight  of  shielding. 


c.  a’t-of-Plle  System  (HORSE) 

(1)  Conceptual  Design  The  proposed  out-of-pile 
powersystem,  as  depicted  in  Figure  58,  would  consist  of: 


1.  A  reactor  and  controls. 

2.  A  shadow  shield  for  radiation  attenuation. 

3.  A  thermoelectric  generator  with  Integral 
radiators  located  between  the  shield  and 
the  payload  . 

A  coolant  system  to  transfer  the  heat 
from  the  reactor  to  the  thermoelements. 

5.  Structural  supports. 


Placement  of  the  thermoelements  away  from  the  reactor  (out-of- 
pile)  frees  the  reactor  design  from  restrictions  Imposed  by  their 
presence,  but  necessitates  the  inclusion  of  a  high-temperature 
coolant  loop.  This  high-temperature ,  out-of-plle,  reactor-based 
system  for  generation  of  £lectriclty  is  coded  HORSE. 


The  coolant  used  In  these  calculations  was  liquid  lithium 
because  it  has  a  normal  boiling  point  (13^0^0)  high  enough  to 
allow  operation  at  a  reasonable  pressure  at  the  required  temper¬ 
atures,  and  because  it  has  excellent  hea t- transfer  characteristics. 
The  main  disadvantage  of  lithium  as  a  Irlgli- tempera  rare  coolant  is 
that  it  is  corrosive  to  almost  all  known  materials  of  construction 
at  1200  ”C  and  hence  it  might  be  difficult  to  contain.  An  alter¬ 
native  to  lithium  would  be  an  Inert  gas  coolant,  such  as  helium. 
Helium  is  expected  to  have  good  hea  1:- transfei’  pi*opei'tles  eonpared 
to  other  gases,  but  not  as  good  as  tliose  of  liquid  lithium.  it 
would  not  be  corrosive,  even  at  tempera  lures  of  1200  "C,  but  1' 
would  also  be  difficult  to  i’etain,  since  It  can  diffuse  th.rou; 
solid  materials  as  well  as  thi'ougb.  minute  cracks  o."  b.oles  ; 
such  high  temperatures. 


t 

•e'h 


The  fuels  considered  for  the 
Pu'^39c.  The  1200 '^'C  temperature  e  ; 
pluconlum  from  consldei’a tlon  becau 


.,2  '^  ^ 

I'eacLor  were  d  “''0, 
imi  r^a  te s  me  ta  1 1 1  c  u 
sc  of  their  low  mel 


o  -Jt, 

and 

I'anlum  or 
ling  points 
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Both  plutonium  carbide  (PuC)  and  uranium  carbide  (UC)  have 
melting  points  well  above  1200 '’C,  and  thermal  conductivities 
which  are  higher  than  those  of  most  other  ceramic  fuels. 

The  calculations  were  done  on  PuC  rather  than  or 

U235c,  because  it  has  the  most  favorable  nuclear  properties  and 
,  hence  the  smallest  critical  mass.  The  spherical  critical  masses 
\  of  PuC,  u233c,  and  u235c  were  calculated  to  be  23.7  3^.6  leg., 

^  and  101.3  kg.,  respectively,  using  multlgroup  neutron  diffusion 
:  equations (Ref .  8).  The  plutonium  was  assumed  to  contain 
Pu240.  The  weights  of  reactors  fueled  with  U233c  would  be 
slightly  heavier  tnan  those  fueled  v;ith  Pu239c.  u235c  reactors 

would  be  expected  to  be  considerably  heavier. 

The  present  cost  of  plutonium^^at  $43  per  gri  n,  is  high 
compared  to  the  present  cost  of  1/235  at  $11.32  per  gram  (or  w/o 
u235)(Ref.  9).  Tht.  ;rice  of  plutonium,  however,  is  expected 
to  decrease  to  approximately  $10  per  gram  as  its  supply  becomes 
more  plentiful  as  a  byproduct  from  power  reactors  during  the 
next  four  to  eight  years(R®^‘  The  figure  of  $10  per  gram 

for  plutonium  fuel  was  used  in  these  calculations  rather  than 
the  present  price  of  $43,  since  this  is  expected  to  be  the  pre¬ 
vailing  price  of  plutonium  by  the  time  such  systems  are  built  in 
quantity . 

The  reactor  core  was  designed  in  the  shape  of  a  cylinder 
which  was  split  in  half,  radially  (see  Figure  58).  The  control 
of  neutron  leakage,  and  thus  the  reactor  power  level,  is  effected 
by  moving  the  top  and  bottom  halves  of  the  cylindrical  core 
closer  together  or  farther  apart.  The  control  mechanism,  located 
on  top  of  the  core,  pushes  against  three  support  rods  while  the 
reactor  is  in  weightless  operation  In  space.  The  halves  are  held 
apart  by  shims  during  launch  which  can  be  removed  once  the  gen¬ 
erator  is  in  a  proper  orbit  or  safely  in  space.  This  arrangement 
reduces  the  need  for  massive  support  rods. 

The  coolant  tubes,  made  of  high- temperature  corrosion- 
resistant  material,  would  pass  through  the  reactor  core  parallel 
to  its  axis,  but  would  fit  loosely  to  allow  movement  of  the  halves 
relative  to  each  other.  Heat  would  be  transmitted  from  the 
reactor  core  to  the  tube  walls  by  radiation. 


The  distance  from  the  lower  face  of  the  core  to  the  payload 
vjas  assuified  to  be  15  feet  for  the  smaller  units.  This  distance 

considered,  in  order  to  allow 


uni  r-s 


was  lengthened  for  r-he  larger 
the  larger  niunbsr  of  thermceiec trie  el' 

positioned  betweer  the  shadow  shield  and  the  payload.  Tne  gen¬ 
erator  and  radiator  were  divided  into  redundant  systems  to  in¬ 
crease  the  overall  system  reliability.  The  pumps  were  assumed  to 


c:j.ements  and  radiators  to  be 

The 


-i  i 
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be  centrifugal  ones  that  could  be  powered  by  interrupted  DC  I 
currents  with  an  assumed  overall  efficiency  of  ^0%.  The  pumps  i 
would  be  placed  in  coolant  return  lines  to  the  core,  | 

A  shadow  shield  in  the  shape  of  a  frustrum  of  a  cone  was  I 
assumed.  The  shield  consists  of  two  parts,  an  inner  portion  of  | 
gamma  ray  shielding  composed  of  depleted  uranium  and  located  f 
adjacent  to  the  core,  and  a  neutron  shield  composed  of  lithium  I 
hydride  encased  in  a  stainless  steel  container  O.IO9  inches  thick  j 
and  located  between  the  gamma  shield  and  the  payload.  I 

(2)  Performance  Characteristics  A  computer  program  j 
was  written  to  facilitate  the  sizing  of  the  HORSE  system.  The  ? 
assumptions  made  and  the  equations  used  are  given  in  Appendix  j. .  f 

To  calculate  the  performance  characterlstico,  a  core  height,  I 
a  coolant  tube  diameter,  and  a  coolant  fluid  velocity  were  | 
initially  assumed.  Based  upon  these  input  parameters  the  heat  | 
transfer  taking  place  Inside  the  reactor  core  was  calculated  and  f 
the  number  of  tubes  required  was  calculated.  The  pressure  drop  | 
to  the  coolant  tubes  was  calculated  and  the  pump  power  was  also  | 
calculated.  Following  these  calculations,  the  reactor  core  was  | 
sized,  based  upon  the  amount  of  dilution  included  by  introducing  t 
the  coolant  tubes.  At  this  point  the  reactor  shielding  was  de-  f 
signed.  The  thicknesses  of  the  depleted  uranium  and  lithium  | 
hydride  were  calculated  by  the  removal  cross-section  method  in  | 
a  manner  similar  to  that  used  in  designing  the  shields  for  SNAP  j 
10 A,  2,  and  8.  The  diameters  of  the  shadow  shield  components  I 
were  determined  by  geometrical  considerations.  Finally,  the  I 
generator  was  sized.  Initially,  a  separation  distance  of  15  feet  j 
was  assumed  between  the  back  of  the  reactor  core  and  the  payload.  • 
However,  if  the  radiator  could  not  be  fitted  in  the  separation  I 
distance,  the  distance  was  lengthened.  ? 


Three  sizes  of  units,  namely,  3  KW(e),  30  KW(e)  and  350  K¥(e 
were  sized  to  correspond  roughly  to  units  presently  being  de¬ 
signed  (snap  2,  SNAP  8,  and  SNAP  50).  Parameter  runs  were  made 
using  the  program  to  determine  the  optimum  core  height,  fluid 
velocity,  and  tube  diameter  for  units  of  these  sizes.  Systems’ 
performances  and  lbs/KW(e)  were  calculated  for  3  KW(e)  units 
with  a  core  height  of  0.75  feet,  using  tube  diameters  ranging 
from  0.25  to  i.50  inches  and  fluid  velocities  ranging  from  5  to 
50  ft  ./sec.  The  results  of  these  calculations  are  shown  in  Table 
29  .  The  best  rating  was  attained  with  a  tube  diameter  of  O.50 
Inch  O.D.  and  a  fluid  velocity  of  15  ft. /sec.  Similar  runs  viere 
also  made  for  30  KW{e)  and  350  KW(e)  units  each  having  a  core 
height  of  0.8  ft.  The  results  of  thes''  calculations,  recorded 
in  Tables  30  aid  31j  aisp  show  the  best  performance  using  the  0.5- 
inch  diameter  tubes  and  the  15  ft. /sec.  velocity. 


$ 
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Table  29 


EFFECT  OF  FLUID  VELOCITY  AND  TUBE  DIAMETTO  ON 
SYSTEM  PERFORMANCE  OF  PuC~FUELED,  3  KW(e)  UNITS 

(No  reflector,  core  height  =  0.75  feet) 

_ Tube  OP,  Inches _ 

0^  ^5  TT'OtT  '1.5b 

Fluid  Velocity,  System  Performance,  lbs./KW{e) 

ft ./sec.  _ 


5 

130 

118 

118 

122 

128 

13^ 

10 

119 

115 

119 

124 

124 

129 

15 

119 

115 

120 

122 

127 

133 

20 

118 

116 

113 

123 

129 

136 

25 

118 

117 

119 

125 

132 

140 

30 

120 

118 

121 

128 

135 

144 

40 

123 

123 

125 

13^ 

143 

155 

50 

128 

128 

132 

143 

155 
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The  effect  cf  core  height  was  then  investigated.  System 
performances  were  calculated  for  3,  30  and  350  KW(e)  units, 
assu:;tlrg  0.50-lnch  OD  tubes  and  15  ft  ./sec.  coolant  velocity. 

The  results  of  these  calculations,  presented  in  Table  32,  show 
that  the  optimum  performance  for  a  3  KW(e)  unit  was  obtained  with 
a  core  height  of  0.6  ft.  Similar  runs  for  a  30  KW(e)  unit  in¬ 
dicated  the  optimum  core  height  to  be  0.8  ft,  and  for  the  350  KW(e) 
unit,  CO  be  0.9  ft. 

The  effect  of  reflector  savings  on  system  performance  was 
also  calculated.  Table  33  shows  that  for  each  of  the  three 
system  power  levels  considered,  the  best  performance  was  attained 
when  no  reflector  was  added.  In  all  of  the  subsequent  calcu¬ 
lations,  however,  2  cm.  of  reflector  were  assumed  In  order  to 
provide  an  insulation  for  the  reactor  core.  The  amount  of  de¬ 
crease  In  system  performance  made  by  adding  2  cm.  of  beryllium 
oxide  reflector  would  not  be  great,  yet  it  would  conserve  a 
conslderaole  amount  of  heat  in  the  reactor  core. 


350 

r  . 


System  perform.ances  wer’c  s'alculated  for  30;.  and 
KW(e)  un.its  at  six  radlatox*  temperatures  (500,  550, 

650,  700,  and  750 °C)  and  for  nine  thermoelement  lengths 
between  and  2.0  cm.  Consideration  was  given  to 

foui’  thermoelement  cross-sec'. ions  ;  l/l6-lnch  x  l/l6-lnch 
square,  l/B-inch  x  I/B-lnch  square,  3/l6-inch  diameter  circular. 


Table  30 


EFFECT  OF  FLUID  VELOCITY  AND  TUBE  DIAMETER  ON 
SYSTEM  PERFORMANCE  OF  PuC-FUELED,  30  KW(e)  UNITS 

(No  reflector,  core  height  =  0.8  ft.) 


Tube  OP,,  Inches 


6.2^ 

0.^0 

0775” 

1  .00 

Fluid  Velocity, 

1 

ft ./sec . 

System 

Performance,  lbs./KW(e) 

J 

5 

47 

37 

35 

38 

i 

10 

57 

33 

35 

38 

:  i; 

15 

36 

32 

35 

39 

20 

36 

33 

36 

40 

25 

36 

33 

37 

41 

?  V 

Table 

31 

V 

V 

EFFECT  OF 

FLUID  VELOCITY  AND  TUBE  DIAMETER  ON 

SYSTEM  PERFORMANCE  OF  PuC 

-FUELED, 

350  KW( 

e)  UNITS 

^  ! 
f  1 

t  1 

: 

(No  reflector,  core 

height 

=0.8  ft 

.) 

i  * 

Tube  0D> 

Inches 

?  ^ 

i 

5  ‘ 

0.2^ 

0.^0 

0.75 

1  .00 

Fluid  Velocity, 

r 

ft ./sec. 

System 

Performance,  lbs. 

yKW(e) 

5 

32 

29 

38 

1 

10 

33 

26 

28 

36 

15 

31 

25 

30 

37 

20 

31 

26 

31 

38 

:  h 

25 

30 

27 

32 

40 

f' 

> 
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Table  32 


EFFECT  0?  CORE  HEIGHT  ON  SYSTEM 
PERFORMANCE  0?  FdC-FUELED  UNITS* 


Core  Height, 

System 

Perf  or.mance , 

lbs  /KW  '  e } 

ft. 

3  KWTe] 

30~KWreT~ 

350  KWJeJ 

0.3 

143 

. 

_ 

0.4 

121 

- 

- 

0.5 

11-4 

33 

- 

0.6 

->  1  "I 

32 

26 

0.7 

1  1  "5 

- 

0.8 

117 

31 

24 

0.9 

121 

32 

- 

1.0 

125 

33 

25 

1 .2 

34 

26 

i 

- 

28 

1.6 

- 

- 

29 

*Fluid  velocity  =  15  ft/sec,  O.5O”  OD  x  0.30’’ 
tubes,  no  reflector- 


ID 


Table  33 

EFFECT  OP  BSFIECTOR  SAVINGS  ON  SYSTEM 
PERFORMANCE  OF  PuC -FUELED  UNITS* 


Sys  tern  Perf  ormane e ,  Ibs/KV/  ( e ) 


Reflector 
Thickness , 
cm. 

3  KW  (e" 

(core  height, 

0.75  ft.) 

30  KW  (e)  ^350  KW(e) 

(core  height,  (core  height, 

1  .U  i  V .  ;  c: .  i  u  .  ; 

0 

33 

42 

2 

IIQ 

3^ 

43 

5 

136 

36 

4c; 

10 

192 

*- 

50 

*Fluid 

velocity  =15  ft/se 

'  .  0.50” 

OD  X  0,30”  ID  tubes 

and  l/h  inch  diameter  circular  cross-sections).  The  rest?  its  for  ; 
3  KW(e)  units  are  listed  in  Tables  3-4,  35^  36  and  37  for  196^-65 
thermoelectric  parameters  and  in  Tables  38  and  39  for  19{1~Q5 
thermoelectric  paraaneters.  For  30K¥(e)  units  the  1964-69  results; 
are  listed  in  Tables  40  , 41.,  42,  and  43  and  the  I97I-85  values  in  ; 
Tables  44  and  45  .  For  350  KW(e)  units  the  1964-65  values  are  I 

listed  in  Tables  46  and  47  and  the  1971-85  values  in  Tables  48  ^ 

and  49.  I; 

The  maximum  performance  of  the  out-of-pile  (HORSE)  power  | 

system  at  different  power  outputs  is  summarized  in  Figure  59.  | 

This  figure  shows  that  the  system  performance  utilizing  19^4-65  I 
thermoelectric  technology  improves  rapidly  from  its  150  rDs/KV/(e)| 
value  for  3  KW(e)  units  to  approximately  50  lbs./kV/(e)  for  very  | 
large  units.  Utilizing  1971-85  technology  the  possible  system  | 
performances  are  considerably  improved,  showing  promise  of 
achieving  approximately  20-25  lbs/KW(e)  for  large  units.  I 


The  effect  of  power  output  and  thermoelectric  parametex’s  on  5; 
system  volume  of  HORSE  units  is  shown  in  Pl^re  60.  The  cubic  | 
feet  of  system  vcixime  required  decrease  rapidly  as  power  level  S 
is  increased  from  3  to  30  K>J(e).  The  1971-85  technology  would  ^ 
enable  construction  of  significantly  more  compact  units  in  the  s 
larger  output  ranges  ^50  KW(eJ7.  .  j 

f. 

The  effect  of  power  output  and  thermoelectric  parameters  f 
on  fuel  cost  is  shown  in  Figure  61.  The  fuel  costs  quoted  are  S 
only  for  the  raw  material  and  do  not  include  fabrication  costs .  - 
Figure  61  shows  a  marked  decrease  in  fuel  cost  per  lCW(e)  with  | 
increasing  system  power  level  for  both  the  196*4-65  and  1971-85  f 
thermoelectric  parameters,  the  latter  giving  slightly  lower  | 
costs  than  trie  former.  i- 

I-. 

The  highest  lbs,/KW(e)  ratings  occurred  for  units  with  low  f 
to  intermediate  (500-650*c)  radiator  temperatures  and  with  rathei| 
short  thermoelements  (O.oO  -  1.00  cm.).  The  system  performance  | 
seems  little  affected  by  thermoelement  cross-sectional  area.  I 
These  calculations  Iridicate  that  the  most  important  variable  | 
for  HORSE  systems  is  element  length  and  that  more  \vork  should  be  | 
expended  on  the  production  of  short  elements  if  this  type  of  | 
system  were  to  be  pursued. 


The  main  advantage  of  the  HORSE  concept  is  that  it  gives 
very  good  performance  in  lb./KW{e)  ratings,  comparing  very 
favorably  with  lb./KW(e)  ratings  estimated  for  SNAP  2  and 
SNAP  8.  The  1971-85  technology  vjould  enable  construe t.lon  of 
significantly  more  compact  units  in  the  larger  ^50 
ou  t pu  t  range  s . 
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.  EFFECT  OF  RADIATOR  TET^PERATURE  AND  ELEMENT  LENGTH  ON  SYSTEM  PERFORMANCE 
OF  PuC-FUELED,  -^0  KWfe)  HORSE  UNITS  WITH  l/l6"xl/.l6''  SQUARE  THFRM^ELET'EM'^: 
_  (1971-85  THEPMuEiiECTRIC  PARAMETERS) _ 

_ System  Performance,  lbs./KW(e) _ 
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iure  59.  Maximum  Pcfrorinance  vb  .  Output  Power  of  the 
Out.-of-Pilc  (HORSE)  Syctom 


( 3 )  Prop  I  em  Areas  Tivo  major  pxoblrams 
proposed  HORSE  power  system  concept: 


fr 

I 


’ac€!  the 


-  A  fast  reactor  capable  of  1200-1400  °C  susi^ained 
operation  in  space  is  needed. 


I 


and 

temp 

ogy 


-  Liquid  metal  or  other  heat  transfer  loops  capable 

of  sustained  operation  at  1200-1400 ®C  are  required. 

These  same  problems  must  be  solved  for  any  power  system  intended 
to  utilize  heat  sources  and  liquid  heat  transfer  loops  at  temper¬ 
atures  of  1200 ®C,  or  higher,  to  attain  high  specific  performance 
in  a  space  envr'ronment . 

There  are,  of  course,  many  additional  problems  that  must  be 
solved  to  make  the  HORSE  concept  practical.  A  partial  list  of 
problems  to  be  solved  includes: 

-  Development  of  suitably  rugged,  efficient,  and 
long-lasting  bonds  betvjeen  the  materials  of  the 
liquid  heat  transfer  loops  and  the  thermoelements. 


tech 

reac 

1965 

temp 
and/ 
an  i 

->  j 

syst 

85^ 

by  1 

mate 

requ 

the 

syst 


-  Development  of  a  complete  safety  program  for 
farrication,  testing,  launch,  ana  operation  in 
space . 

-  Integration  of  payload  and  power  units. 


gene 


-  Development  of  iong- 
these  pumps  could  be 
heat  tr  a  ns  f e  r  me  d ia , 
temperatures  in  uhe 


lived  fluid  pumps, 
used  to  reuurn  cco 
they  'would  operate 
300 - 7 00 °C  range. 


Since 

led 


-  verification  that  the  trer'r;oeiectrio  properties 
of  the  rhermoei ectrlc  materials,  when  operated 

at  the  proposed  temperature,  v;culd  not  be  seriously 
affected  by  radiation. 

-  Determination  of  micrometeorite-shielding  require¬ 
ments  . 


Here,  again,  solutions  to  most  of  the  above  ar.d  similar  problems 
will  be  required  for  any  space  power  system  that  would  utilize 
a  higii-temperature  nuclear  energy  heat  source  and  liquid  heat 
transfer  loops . 


(4)  Probability  of  Sue 
success  for  the  HORSE  space  power 
is  definitely  dependent  upon  the 


cess  The  probability  of 
system  in  the  period  1965-70 
availability  of  a  fast  reactor 


Plac' 

radi 

COOJ. 

fail- 
elim 
the  ; 


show] 
used 
of  tei 
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and  I'quld  heat  tranGfer  loopn  capable  of  ex^eridr?:)  operab'on  at 
tempei*3tur-es  to  1200 '-’C.  The  tliermoelectr.l  ,•  '-ri'j  ccxnponen  t  - 

cgy  r'equired  could  be  e.stabliched  by  1967' -Oo. 

It  in  believed  that  fast  reactor*  and  sti'uctural  natoria  i c 
technology  is  adequate  to  permit  design  and  constr'jj'tlon  of  a 
reactor  capable  of  operating  at  the  required  te.npci'a lures  !.n  llu; 
ll'6b-70  period  and  tliero  is  a  reasonable  pens:' b.:  ; ity  Mint,  h'f'ji- 
temporature  loop  materials  could  be  developc-j  t,o  hand’e  a  Liquid 
and/or  evaporated  lithium  't  1200 °C  by  1970.  It  Is  bo.ll>  v<'f,i  that 
a.r.  Immediate  crash  research  and  development  program  foi*  the  /:exi 
3-9  years  could  produce  and  ground-test  a  complete  prototyru’ 
system.  It  is  estimated  that  the  probability  is  not  more  than 
o99l'  for  producing  a  successful  Hort^E  type  unit,  ready  for  lauir-hing 
by  1970.  On  the  assumption  that  advances  in  high. ■  tempera tui'e 
materlal.s  technology  will  permit  solution  of  the  loop  material., 
requirement  problem  in  the  1971 -85  period,  it  Is  estimated  that, 
the  probability  Is  99-98^  for  successfully  meeting  the  calculated 
system  performance  characteristics  of  this  study. 

d.  In-Plle  System  Without  Coolant  Loop  (TIGER) 

(1)  Conceptual  Design  The  ^hermoelec trie  £n-pi...e 
generator  utilizing  a  reactor  heat  source  (TIGER)  consists  of; 

1.  A  reactor  and  controls. 

2.  A  sliadow  shleLid  for  radiation  attenuation. 

3.  Structural  supports. 

U.  Ihermoelectrlc  elements. 


5.  Radiatoi'S  .attached  dii'co to  the 
surface  of  the  re.tctor  coi-e . 

Placement  of  the  ther.moeloc trie  elements  on  the  core  ar.d  the 
r  cdl.ators  on  the  end  of  the  elenents  e  1  i.r. IruM  ee  the  need  foi*  0 
ooiant  Joop  and  Its  attendant  'pi’obu  1 1  ' '  !  es  toe  leaks,  pump 
failure,  a.ine  plugs  and  related  difficulties.  More  Import  a;  i  tly . 
■ciiminatlon  of  these  problei-i  areas  will  slgnll’ica.rtly  inci*ease 
the  reliability  of  the  system. 

A  conceptual  design  for  the  TIGER  space  povver  syste.m  Is 
shown  in  Figure  62.  The  reactor*  c^-re  differs  from  the  coriu: 
used  in  HORSE  In  that  it  Is  not  diluted  by  <*oo.'.*int  lubes  tial 
often  it  is  annular*  in  shape.  Annul.ai*  cores  h.tve’  .’nor';  strf::  e 
(I'et  per  unit  of  coi*e  weight  than  solid  >.*01*01; ,  al  lowl'ig  .-coru 
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thermoelectric  elements  and  higher  power  output  per  pound  of  fuel. 
Graphite  shoes  surround  the  reactor  core.  Segmented  thermo¬ 
elements  are  built  around  the  graphite,  as  shown  in  views' A  and  B. 
The  thermoelements  are  surrounded  by  a  metal  radiator  on  which  a 
highly  emissive  coating  has  been  placed. 

The  core  is  split  radially, as  shewn,  into  two  halves. 

Control  of  the  reactor  takes  place  by  changing  the  neutron 
leakage,  which  is  adjusted  by  moving  the  top  and  bottom  halves 
closer  or  farther  apart.  The  interior  of  the  annular  reactor 
core  is  empty,  so  the  neutron  iiux  is  not  moderated  in  the  annulus. 
The  thermoelectric  elements  and  graphite  sections  on  the  exterior 
of  the  core  tend  to  act  as  a  reflector,  feedi.ng  the  neutrons 
back  into  the  core. 

The  derivation  of  the  principal  equations  used  to  size  che 
annular  reactor  cores  assumes  that  tne  neutron  flux  is  zero  at 
the  extrapolated  outer  radius  of  the  reactor  core  and  that  the 
neutron  current  is  zero  at  its  inner  radius.  These  assumption 
have  the  effect  of  eliminating  axial  loss  of  neutrons  by  leakage 
through  the  annulus.  Such  assumptions  generally  hold  for  cores 
which  have  a  ratio  of  height  to  diameter  of  ten  or  more  and  are 
approximately  valid  where  the  helght-to-diameter  ratio  is  as  high 
as  four-  or  five. 

The  fuel  used  In  the  calculations  was  p.lutonium  carbide,  as 
in  the  HORSE  system  conceptual  design.  The  fuel  cost  was  again 
assumed  to  be  $10,00  per  gram.  The  temperature  of  the  reactor  was 
assumed  to  be  hot  enough  to  heat  the  hot  junctions  of  the  thermo¬ 
electric  elements  to  1200 *C  for  the  1964-65  calculations  and 
l400°C  for  the  1971-85  calculaxions .  jn  effect,  the  thermal 
conductivity  of  the  reactor  core  was  assumed  to  be  infinite,  and 
no  calculations  were  made  on  the  effect  of  thermal  stress  inside 
the  cere.  For  all  of  the  calculations  on  the  TIGER  systems  a 
constant  distance  of  15  feet  between  :ne  core  and  the  payload  was 
used . 


(2)  Performance  Character:  st '.cs  A  computer  program 
Vias  written  to  size  these  units.  The' equations  and  assumptions 
used  are  described  in  Appendix  I. 


Tne  first  major  calculation  in  the  program  was  sizing  the 
reactor  core,  first  assumed  to  be  a  solid  cylinder.  V<hen  the 
sjrface  area  on  the  soiid  cylinder  proved  to  be  insuf f icient,  an 
annular  type  core  was  assumed.  Next,  gamma  and  neutron  shadow 
shields  composed  of  depleted  uranium  and  lithium  hydride,  re¬ 
spectively,  were  sized  as  to  thickness  and  d‘'air:eter.  Finally,  the 
weight  of  structure  necessary  to  support  the  reactor  and  shield 


T  on 


I 


T 

I 


/iiC. 


Jc  ' 


Calculations  v,’ere  performed  on  units  of  t’wo  sizes,  3  KW(e} 
and  30  KW(e)  with  both  the  1964-65  and  1971-85  sets  of 
electric  pararaeters .  Parameter  runs  were  made  initia: 
mli.e  the  proper  height  to  assume  for  the  core.  The  results  01 
parameter  runs  on  Doth  3  KW(e)  and  30  KV/(e)  units  are  shown  in 
Tables  50  and  51 ^  where  system  performance  is  tabulated  as  a 
function  of  core  height.  The  numbers  9066  and  9110  refer  to 
specific  sets  of  thermoelectric  generator  parameters,  the  former 
with  a  high  watt  (e)/lb.  of  generator  rating  and  the  latter  with 
a  low  rating.  These  tables  reveal  that  system  performance 
continually  improves  as  core  height  is  increased.  In  order  to 
keep  the  core  height  from  becoming  unwieldy,  ho'wever,  it  was 
decided  to  use  a  core  height  va.lue  of  6  ft.  for  tlie  3  KV/{e)  units 
and  a  value  of  15  ft.  as  the  core  height  for  the  30  ICi//(c)  units. 
Using  these  core  heights,  calculations  of  system  performance  were 
made  for  a  large  nuinber  of  generators,  and  the  results  for  3  KW(e) 
units  are  recorded  in  Tables  52,53,  and  54  for  1964-65  thermo¬ 
electric  parameters  and  Tables  55>56  ,  and  57  for  1971-85 
thermoelectric  parameters.  For  30  KV/{e)  units  the  1964-65  results 
are  listed  in  Tables  58,59  ^  and  60  and  the  197I-85  results  in 
Tables  61,62  ,  and  63  . 


The  system  performance  of  TIGER  units  is  shown  in  Figure  63 
as  a  function  of  power  level  and  thermoelectric  pararaeters. 

The  figure  shows  that  power  level  has  relatively  little  effect 
on  system  performance,  but  that  changing  from  the  1964-65  set  of 
thermoelectric  parameters  to  the  1971-85  set  improved  the  system 
performance  from  290  lbs./KW^(e)  to  90  lbs./KlV(e). 


System  volurae/KW(e)  is  plotted  as  a  function  of  power  level 
and  thermoelectric  pararaeters  in  Figure  64.  This  figure  shoves 
that  power  level  markedly  influences  system  voTtame/KW(e) 
ft.3/KW(e)  at  3  KW  vs.  4.3  ft  3/KV,J(e)  at  30  lUA^e)  with  1954-65 
thermoelectric  parameter^/^  snd  that  improvement  in  thermoelectric 
parameters  can  improve  system  volume  to  a  lesser  extent. 


The  effect  of  power  level  and  thei'.moelec trie  parameters  on 
fuel  cost  is  shown  in  Figure  65.  As  in  uhe  case  of  system  per¬ 
formance,  the  fuel  costs  of  TIGER  unius  are  affected  markedly  by 
the  thermoelectric  parameters  and  to  a  lesser  extent  by  the  poxver 
level.  The  sharp  dependence  of  system  performance  and  fuel  cost 
on  thermoelectric  properties  is  to  be  expected  '■in,e  both  of  these 
criteria  are  determined  by  the  a.mount  of  power  obtainable  per 
unit  area  of  core  external  surface . 


The  best  system  performances  for  TIGER  units 
with  loiv-to-moderate  length  thermoelements  (0.6  - 
low-to-moderare  radiator  temperatures  (500-600'’C) 


are  obtained 
2.2  cm.)  and 
with  1/4 -inch 
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EFFECT  OF  CORE  HEIGHT  OH  SYSTEM 
PERFORMANCE  OF  3  K¥(e)  UNITS 


Core  Heightj  System  Performance,  it>s/KWLel 

feet _  9'Oot)  911'^  ^ 


2.0 
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1300 
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940 
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900 
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Tcble  51 

EFFECT  OF  CORE  HEIGHT  ON  SYSTEM 
PERFORMANCE  OF  30  KW(e)  Ul'IITS 


Core  Height 

System  Per 

forma  nee.  Id  s/KTW 

feet 

9060 

9110 
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440 
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440 
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440 

980 

20 

430 
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780 
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EFFECT  OF  RADIATOR  TEMPERATURE  AND  ELEMENT  LENGTH  ON  SYSTEM  PERFORMANCE 
OF  PuC-FUELED,  3  KV;(e),  TIGER  UNITS  WITH  l/l6"  x  l/l6"  SQUARE  THERMO- 

ELEMENTS  (196^  THERMOELECTRIC  PARAMETERS) _ 
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EFFECT  OF  RADIATOR  TEMPERATURE  AND  ELEMENT  LENGTH  ON  SYSTEM  PERFORMANCE 
OF  PuC-FUELED,  30  KW(e)  TIGER  UNITS  WITH  1/4"  DIAMETER  CY^  tmdptc/s  j 
_ THER^^OELEMENTS  (1964  THERMOELECTRIC  PARAMETERS) 
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Output  Psw«r.  ICV(«) 

Figure  63,  Effect  of  Electrical  Output  Level  on  Performance 
of  PuC-Puoled  TIGER  System 


.Xttput  Pijwer,  ICW(«) 

Figure  6^1.  liiTecw  of  Klec-trical  Output  Ixivel  on  Vo  lujne  or 
PuC-Fueled  TIGER  System 
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COSO  of  fuel  .material.  Exceptionally  large  '■mproveme.nts  in  thermo¬ 
electric  properties  v--o'uid  have  to  be  .m? 
u.nits  could  successfully  com.pete  with  HOrl 
the  basis  of  system  performance. 


,  .no'wever,  cei  ore 
or  SWIFT  units 


TIGER 

o*n 


Another  import a.n 
St  reactor 


problem  for  the  TIGER  type  of  unit  is  the 
capable  of  operating  at  1200-1-400 °C .  Tt 


lacK  of  a 

,  -  _  -  -  .  ^  _  .  .  _  _  __  —  _ 

is  believed  that;  this  type  of  reactor  cou.id  be  .made  available  by 
1970.  if  an  inte.ncified  development  progi’arr.  were  begun  im*mediately . 
Tne  low  syste.m  perfor.mance  relative  to  a  ’oolant  loop  system  is 
significant 

i’  .  Units  of  the  HCH.SE  tyoe  ha’ve  much 


a  ?:i  nr  i  -r.nr.  disadvantage  of  the  present  TIGS.R  power  system*  con- 


.ess  weig.h' 


O  V 


/  X 


e  o  I  o  u  u  ou  v.*o  i  c  i 


Os..--  ^  t. 


’or 


a  weagnL--*.in]i 


fdi  1"  ^  'S  m  **  c 


*m vs 5 con  coula 


•  ta  rr 

:  A  i  vCI 


(4)  Pi‘obabl31ty  of  Success 


Sy s  r-em  re  i  is  b  i  .1  i  cy ..  and 


'.he  probability  of  success  in  meeting  mission  requirements,  are 
significantly  enhanced  because  coolant  loops  are  not  used  in  tne 

that 
be 


TIGER  system  conoep’ 


It  is  anticipated 
materials  of  the  desired  properties  will 


uhermoe  lec  tr 


Ci  1  1  f-* 

•mX  ^A.  ^  ^  -A  ^ 


i  n 


.1 900-0/  . 


These  factors,  coupled  with  the  iik.eiihvooc  that  aeslgn  technology 


and  materials  of  construction  will 
1200 °C  heat  source,  gi.ve  the  TIGER 
probability  of  research  success  in 


be  available  for  a 
concept  quite  a  high 
the  1965-70  period. 


X  dD  o 


reactor 

( >90^) 


e.  In-Pile  Systems  with  Coolant  Loops  (SWIET) 


eration  ’with 
as 


(1)  Conceptual  Design  The  system  for  power  gen- 


n- plle^ fluid-cooled  thermoelectric  elements  (SV/IFT), 
consists 


of: 


shown  in  FTgure  66  J 

1.  A  reactor  and  controls  . 

2.  Thermoei' "'trie  elements  Joineu  to  the  cere. 
A  radiation  shadow  shield  . 


a 

U 


A  section  of  radiator  external  to  the 
reactor  core. 


5.  A  coolant  icop. 

6.  Structura. 


The  coolant  system  runs 
removes  heat  from  them, 
cat  e d  fcx  terna  j.  1  y  ,  The  c 
was  liquid  lithium..  The 


supports . 

over  the  cold  ends  of  the  thermoelements, 
and  the.n  transports  it  to  radiators  io- 

^  t*  ?  1  C  ,15  i  -t 

zer.oeratun 


n  the  initial  calculations 
of  this  coolant  system,  ho-v- 


evei’,  would  be  .much  lower  than  that  usee  in  HCRSS,  since  the 


I’acia  tor 
tempera  t; 


te.mpercture  is 
’e . 


far  be  1  ow  the  j.200- 1400  °C  ho  t-  June  t  ion 


Ir.e  reactor 


Lpped  witn 


botto.m 

halves 

of  the  reac 

laiurch 

.  These 

V.*. -•  w  J.  V  >«■ 

bee  o.me 

welghtl 

ess .  The  t 

hear  d 

irec  cly 

from  the  .0 

the  re: 

saining 

heat  to  be 

shadow 

c  h 

i?  i .  V  u 

to  a  ma  s  s i V 

\  ^  t 

'o.  A  X. 

TL  t”'  J-i  >T 


icajers  to  prevent  the  top  and 
being  driven  together  during 
the  system  is  in  orbit  and  has 


junctions:  t.hen  the  coolant  loop  takes 
jected  and  carries  it  back  behind  the 
ve  radiator  area.  The  radiator  area  is 


divided  into  redundant  units  1 
ticna„  radi:siui  area  is  neede^ 
the  form  of  large, flat  p.ar.eo 


>r  ' 

t  h  e  i  -  s  a  c or  ■  r  o  r 


0  aid  .‘system  reliability.  If  addi- 
, .  mere  ,ould  be  made  available  in 
v.-nich  could  be  extended  radially 


e- 


These  wing -like  projections  could  be 
and  wou  La  u.nfold  af-er  launch.  Their  radially 


extended  position  would  minimize  the  amount  of  scattered  radiation 
which  would  be  received  by  the  payload. 

The  reactor  core  would  be  made  in  the  shape  of  either  an 
annular  or  solid  cylinder.  All  of  the  elements  are  fixed  on  the 
exterior  of  a  solid  core# if  possible.  If  not.  then  an  annular 
core  is  used,  and  if  the  annulus  is  large  enough,  elements  are 
placed  on  the  inside  of  the  annulus  as  well  as  on  the  outside.  In 
the  latter  case*  coolant  tubes  are  fed  through  the  inside  of  the 
annulus  as  well  as  around  the  outside.  The  shadow  shield  is  com¬ 
posed  of  a  layer  of  depleted  uranium  to  absorb  gamma  rays  and  a 
layer  of  lithium  hydride  encased  in  stainless  steel  to  absorb 
neutrons.  The  pumps  used  would  be  DC  electromagnetic  or  thermo¬ 
electric  pumps.  The  distance  between  the  reactor  core  and  the 
payload  vms  fixed  at  15  feet  in  all  cases. 

(2)  Per^Lormance  Characteristics  A  computer  program 
v/as  written  to  size  SWIFT  units  for  a  given  specified  power  oucput. 
Tne  equations  and  assumptions  used  are  described  in  Appendix  I  .’ 

The  program  starts  by  calculating  a  required  surface  area  for  the 
reactor  core  based  upon  the  watts  produced  per  couple  and  the 
cross-sectional  area  required  per  couple.  Initially  all  of  the 
elements  were  ass'iimed  to  be  attached  to  the  exterior  of  a  solid 
core  up  to  2.5  feet  in  length.  If  the  surface  area  was  insuffi¬ 
cient,  then  annular  core  shape  was  assumed.  The  length  of  2.5 
feet  was  used  because  cores  half  as  long, but  annular  in  shape, 
v^ould  have  an  inside  hole  large  enough  to  accomjnodate  additional 
elements  and  yet  the  weight  of  fuel  per  centimeter  of  core  length 
woulo  be  ixttie  changed.  As  a  net  resu3.t  there  would  be  almost 
twice  as  much  core  area  per  unit  weight  of  core  material.  The 
correct  ratio  of  core  height  to  core  diameter  for  annular-shaped 
cores  was  established  by  parameter  runs.  The  results  of  calcu¬ 
lations,  shown  in  Table  6h  ,  show  that  the  most  advantageous 
height- to-diame ter  ratio  would  be  approximately  6.0  for  3  KWfe) 
units. 

The  efi'ect  of  core  height-tc-diameter  ratio  on  system  per¬ 
formance  for  30  KV<'(e)  units  is  shown  in  Table  65  for  a  more 
favorable  set  of  generator  characteristics.  This  data  indicates 
that  the  optimum  core  height-to-dlameter  ratio  Is  about  5.0  for 
3C  KW(e}  units.  For  350  KW^e)  units  the  optimum  ratio  is  apurox- 
imately  4.0  as  shown  in  Table  66. 

Calculations  were  run  with  ther.moeiements  at  different  lengths 
and  at  different  rr die  tor  temperatures.  The  element  lengths  used 
ranged  from  0/2  cm  to  2.0  -m,  in  increments  of  0.2  cm.  The 
radiator  tempert  fares  used  were  varied  from  250°C  to  750°C^  These 
runs  were  made  ut_‘ng  =/^o-:rfr.  x  3/i6- in-.ui  square  and  3/l6-inc-h 
diameter  ^cyiind-i -3i  n-ermacj omen '  a  .  Aaditlonal  runs  with  1/8- 
inch  X  squ^ii'e  anu  -/‘-‘■■inch  diameter  cylindrical  thermo- 


elements  were  made  at  tne  3^0  KV.{e}  level. 

The^ system  performances  for  3  KW(e)  units  are  listed  in 
Tables  67  and  60  with  1964-65  thermoelectric  parameters  and 
Tables  69  and  70  with  1971-85  r.hermoelec trie  parameters.  For 
30  KW(e)  units  the  1964-65  data  is  listed  in  Tables  71  and  72 
and  the  I97I-85  data  in  Tables  73 and  7^  .  For  350  KW(e)  units 
the  1964-65  data  is  listed  in  Tables  75  j  76  ,  77  ,  and  78  and  the 
1971-85  data  in  Tatjes  79>  8C  ,  8l  .  and  82  .  The  best  system  per¬ 
formances  at  each  of  the  three  power  levels  are.  plotted ‘ in  Figure 
67.  for  both  sets  of  thermoelectric  parameters.  These  data  show 
that  increasing  power  level  and  improvement  in  thermoelectric 
properties  both  markedly  improve  system  performance  of  SWIFT  units. 

The  specific  volumes  of  SWIFT  units  are  plotted  as  a  function 
of  power  level  and  thermoelectric  parameters  in  Figure  68.  The 
specific  volumes  are  shown  to  be  strongly  influenced  by  power 
level  but  to  be  virtually  unaffected  by  the  thermoelectric  prop¬ 
erties  . 


The  fuel  costs  are  plotted  in  Figure  69-  against  power  level 
and  thermoelectric  parameters.  Increasing  values  of  both  of  these 
variables  are  shown  to  have  a  significant  effect  in  decreasing 
fuel  costs  per  KW(e). 


The  best  system  performances  seem  to  result  with  the  larger 
diameter  thermoelements  with  short-to-moderate  lengths  (0.4-0. 8  cm.) 
operated  at  450  ®C  or  756 ‘’C  rather  than  at  250^0.  The  performance 
value  of  15  rDS./KW(e)  calculated  for  a  350  KW(e)  unit  with 

is 


197 

Is  ted 


-85 


-a 

thermoelectric  paramet<=rs 


with  any  of  the  three  nuclear- 


the  best  performance  calcu- 
based  systems  investigated. 


Another  important  advantage  of  SWIFT  systems  is  that  the 
coolant  loop  used  with  this  concept  ^-iould  operate  at  much  lower 
temperatures  than  the  coolant  loop  in  a  HORSE  system.  The  lower 
coolant  temperature  should  markedly  decrease  corrosion  problems 
experienced  \\'ith  the  liquid  metal  or  other  heat  transfer  media 
used.  It  is  quite  likely  that  much  of  the  hardware  developed  for 
other  space  power  systems  (e.g.,  SNAP  lOA)  could  be  readily  ad¬ 
apted  to  the  SWIFT  concept. 

( 3 )  Problem  Areas  As  with  the  HOFtSE  and  TIGER 
system  concepts,  a  high- temperature  (1200-1400 °C),  fast  reactor 
heat  source  is  needed. 


The  favored  annular  or  doughnut-shaped  fast  reactor  core 
may  offer  some  special  problems  over  the  more  conventional  solid 
core  in  reactor  design,  but  it  also  offers  the  advantage  of 
higher  heat  fluxes  and  more  uniform  heat  transfer. 
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EFFECT  OF  RADIATOR  TEMPERATURE  AND  ELEMENT  LENGTH  ON  SYSTEM  PERFORMANCE 
OF  3  KW(e),  PuC-FUELED,  SWIFT  UNITS  WITH  l/l6’‘  x  l/l6"  SQUARE  THERMO- 
_ ELEMENTS  (1964  THERMOELECTRIC  PARAMETERS) _ 


o 

o 

OJ* 


o  o  o 
cvj  ono 
cj 


o  o  o 

<-(  .H  O 

iH 


O 

a 

C 

<0 


§ 

u 

0) 

cu 


0) 
CQ 
CO 


O  O  C 
O  <T\0 

ooooo 


o  o  o 

CVJ 


coo 

CTi  iH 
CM  COCO 


o  o  o 
00  o  o 
CVJ  moo 


o  o  o 
ovoo  m 

CVJ  CVJ  N- 


O  O  O 
O  C^vo 

mcvjvo 


o  o 

I 

rj  tPi 


o 

CVJ 

o 


o 

■=J- 

m 


o  o  o 

m  u'^ 
cvj-=r  N- 


o 

o 

O  O  O 

0 

cvjvo  cn 

w 

CVJ 

CVJ  moo 

o 

2 

< 

o 

X5 

o  o  o 

K  < 

• 

2^  C>^ 

o  c:> 

r-*i 

cvj  mjv- 

fe  M 

cc  cc 

w  o 

o 

a.  2 

c  o  o 

M 

0 

o  o  o 

S  ^ 

' — » 

i-H 

CM  mr>~ 

W 

(U 

^  o 

' — 

CO 

2 

o 

>-i  CO  CO 

■CT 

o  o  o 

CO  W  DO 

• 

OVO  CM 

w 

rH 

-H  mvD 

2  W  E-t 

VI 

O  s  W 

<  s 

r-i 

ol 

2  M  < 

Cd 

c  o  o 

E-i  Q  2 

•v 

• . 

coco  P, 

O  «a: 

vU 

r— 1  ; 

■“I  CM  lP, 

2=  a 

V 

WVD 

c 

M  fH  O 

CO 

o; 

\H 

£ 

Oi 

o  o  o 

mK 

u 

•i 

N-vc  OV 

2  £-• 

o 

-H  CM-ar 

W  2  O 

2 

2  Eh  W 

Ch 

_  W  M  3 

a) 

o 

pO  2  2  W 

2 

:0 

o  o  o 

VO  pq  o 

• 

MO-^  m 

CO  S 

6 

O 

•-H  CM-^ 

P  EH  2i 

0) 

<U  2  M  W 

rH  «a;  2  2l 

03 

o 

XJ  2  EH 

>j 

o  c  o 

CO  W 

CO 

• 

VD  CM  t-- 

Eh  2  Eh-:T 

o 

rH  CM  m. 

p  2VO 

Eh  H  C7\| 

<C  2  -> 

o 

2  2'—- 

o  o 

W 

• 

1  -H  CM 

2  -2 

o 

c  j  m 

p  E^ 

W  W  2 

^  p  y 

o 

W  A 

OJ 

o 

2  2  2 

• 

1  1 

0  2  2 

o 

CVI 

Eh  I  W 

•a:  O  O 

• 

M  =5  S 

5 

•  • 

P  2  2i 

O 

o 

<  Hi 

o 

2  •‘2 

•» 

— >EH| 

2 

• 

fc  <u 

a 

O'— 

U 

e 

c 

OJ 

Eh  S 

Eh 

O 

p 

W 

o  o  o 

2 

O  li'\  lTv  U‘^ 

2  2 

CM  ^- 

w  o 

QJ 

C3 

e 

T-J 

u 

•o 

r—f 

CT5 

2 

2 

211 


r-i  O 


CTi 

vO 

<u 

I—! 

<0 

Eh 


3e 


•>  W 


K'J 


<u 


01 

X> 


<J) 

o 

C 

w 

S 

o 

<tH 

0) 


s 

(1) 

-p 

01 


K:3 


>jK5 
to 


O 


x: 

4-1 

S' 

.s 

4J 

C 

0) 

6 

(U 

rH 

w 


o 

o 


a 

6 

0) 

E^ 

lU 

O 

4-5 

CO 

•H 

'a 

CO 

K 


poo 

00  r—:  j:f 

•H  CJ  OO 


COO 
mo  cn 

<H  CM 


o  o  o 
mo  CM 

<-(  CM  fO 


o  o  o 
mo  o 

•H  CM  Cf^ 


coo 

m  c>  O'. 

rH  CM 


O  O  O 

mo^m 

<H  r-H  CM 


o  o  o 

'■OCO  (N 
rl  r-4  CM 


O  O  o 
C^ODvo 
rH  rH  CM 


O  C- 

C0  4M- 
rH  CM 


O 

4:t 

CM 


O  O  O 
mmm 

CM-=r  N- 


o 

<i> 

f — i 

X3 

CO 

Eh 


t-H  rH  M 

Eh'^^ 
Z  CO 


CH 

H  W 
3:  O 
S 
CO  a: 

M 

S  Eh 
D 

mj 

CC  Ehco’ 

p  &,  I 

CO  C7\ 


a 

tX4 

« 

w 


< 

CS 

lap 

O  Pr, 

Eh 
< 

M 

O 
«c 
cn: 


o 


a 

3  w 
&  O 

•'K 


O' 


a' 


EH  Sd 
o 

pH  OO 
34 

fe  fe 
w  o 


CM 


05 


s 


03 

X3 


K:> 

CM 


o 

o 


B 


4) 

O 

C 

CO 

g 

O 
Ch 
Ch 
a> 

Cu 

S 
0) 

4-) 

03 

>5fO 
CO 


P 


jr. 

44> 

§• 

s 

4-5 

c 

CU 

e 

(1) 

rH 

wl 


o 

o 


a 

S 

(U 

£h 

U 

o 

4-> 

CO 

tH 

•D 

CO 

X 


o  o  o 

CO  rH  t'- 
rH  rH  rH 


o  o  o 

CO  rH\>0 

*-•;  rH  rH 


o  o  o 

00  rH  m 


o  o  c 

00  rH-Zj- 
rH  r 1  rH 


o  o  o 

tv-  rH  m 

I—;  r-i  rH 


O  O  O 

fv-rH  CM 

r-i  rH  -H 


o  o  o 

'm  <H  rH 
rH  1— I  rH 


o  o 

MO  I  O 


o 

!  I  rH 


o  o  o 
mmm 

CM-^  ^- 


212 


lol 


O 

w 

OI 

O  1 

2  O 

11 

o 

30 

O  2 

2  2 

( — 1 

2 

W  W 

o 

2  2 

MO 

c 

• 

s  5. 

W  C3^ 

(D 

1 — t 

EH  CO 

CO 

p£ 

o 

>Hr 

s 

tOVOr-^ 

• 

rH  CO 

rH 

2\2 

to 

O  r-H  M 

Ma 

Eh 

rH 

o 

2X2 

CM 

Eh  § 

• 

o=  c 

0 

r — ( 

2M0  2 

o 

2  r--'  C 

C 

3\2 

CM 

o 

1 — 1 

E 

o 

EH  O 

Ch 

• 

2  2  M 

O 

rH 

2  EH  2 

2 

S  tH  Eh 

2  2  0 

0 

o 

3  2 

2 

CD 

2  w  3 

• 

_  Eh  2 

E 

o 

Q  M  C) 

0 

2  2  2 

■P 

<22 

CO 

o 

ael 

>> 

MO 

CO 

O 

p  H 
|h  A 

<200 

O 

f 

A 

Czj  •'  rH 

• 

2  Q  s- 
s;  2  A, 

2  3  rH 

O 

Eh  2  — 

o 

p 

CM 

2  2  C/0 

• 

O  (  Eh 

o 

Eh  CO  2 
<32 

• 

H  2  S 

E 

P  2 

o 

<  •'3 
2—^2 

•s 

0 

JZ^ 

2  — ' 

-U 

O  p 

cO 

2 

c 

Eh 

O  O 

2  >■'•) 

2 

3 

p 

2  2 

2  O 

c 

C) 

£ 

o 

rH 

2 

O 

o 


a 

c 

5 

Eh 

i-i 

O 

CO 

-H 

TJ 

CO 

CC 


o 

LPi  O  >- 
CC  O'- '-i 


o 

OO  LAO 
CO  00  r-l 


o 

rH  rH  LA 
00  00  «-• 


o 

O 

00f^-.  r-l 


o 

CO 

CO  <— 1 


o 

rH  CVJ 


CO  r-f 


-CO- CO  CM 
CO'-O 


o 

CMOO  rH 
CAVO  rH 


o 

I  rH  r.^ 

IS-  rH 


I 


o 

I  rH 


o  o  o 

UA  U-\  LA 
CMHT  S- 


■=t 

s- 

o 

rH 

CO 

E-i 


W 

O 

2 

C 

is 

m  2 

Oh 


W 

E-t 

CO 

>H 

to 

2 

O 

2 

Eh 

O 

2 

a 

g 

w 

s 

w 

Q 

2 

C 

W 

rj-* 


►4 

>H 

o 

2  to 

W  2 

EH  W 

a  Eh 
S  W 
c  S 

iH  C 

n  2 
< 

=  2 

CO 

M  o 

002 
Eh 
2  O 
Eh  W 
M  3 


W 

O 


< 

2 

W 

2 

w 

£h 

2 

O 

EH 

<? 

M 

< 

2 


O 

E-^ 

2 

2 

2 


CO 

Eh 

iH 
2 
2 

Eh  lAl 
2  CO 
M  I 
:S  rH 

to  S-, 

CAj 

•» 


Q' 

9 


s 

to  2 

2  >1 
O 
*'2: 
'-'2 

0,' 


S 


o 

2 

o 


(1) 


n 


0 

C) 

C 

2 

E 

tn 

o 

2 

U 

0 

2 

£ 

0 

4-3 

a 


o 

CM 


B 


B 


ho 


o 

30 

o 


>jJsD 

CO 


s 


-P 

W| 

C 


c 

0 

E 

0! 

w 


■H  CM  O 
lA  lA  O 


00  00  CM 
Hr-=j  CA 


'*^3  — J 

-TT  ^GO 


r*~;  o  ^ 

-A  -A  S 


rHVOMO 
A  GOMO 


(A.  COCO 
CA  S)  lA 


:-c>o 

•O  OO  -A 


•MO  MO  CM 

m  CM  A 


uAA 
CM  ro 


I  I  -:3- 

CJ 


o 

o 


a 

E 

0 

Eh 


O 

-P 

•H 

•a 

CO 

2 


O  O  O 
lA  A 
CMA  S 


214 


t 


o| 

Cj 

!  ; 

W  i 

\'-l 

'^1 

r4 

cm! 

u  o 

o 

S  ' 

<2  ac 

o 

c  c. 

o 

s  w 

A  3: 

DO 

QC 

• 

•  O  1  1 

DC  QC 

• 

O  Eh 

1 

^•4 

o  w 

fc  S 

cc  w 

DC  E-i 

W  Cd 

W 

o 

Oi  c 

'6 

CU  W 

■p 

• 

1  1  1 

od 

• 

ih;  cj^ 

» — ^ 

s; 

rH 

w  CO 

0) 

W  34 

0; 

E-< 

■ — ' 

cy 

t-Oi 

o 

to  CO 

C5 

><  \  J 

>■ 

s 

to 

\ 

CO  1  1 

C0  = 

> 

• 

« 

r~i 

r  H 

lOO'-' 

• 

rH 

2:  f-H  CO 

to 

7-:\co 

CO 

o  cd 

o 

c .  ac 

CD 

X 

'-■1 

o 

tj3 

r-l 

r*'* 

►H  E’< 

CVJ 

34  X  H 

Cl 

E-i=  W 

• 

1  »  1 

Eh  W 

•v 

O'C  s 

r— 1 

to  •-•  s: 

'D 

«■';  «=: 

•J 

2t  GO 

X’ 

■P'xcd 

c 

a\po 

C 

1-4  •  -.  c 

ct3 

O 

l-4  m  c; 

CO 

O 

(X, 

e 

O 

CL. 

o 

'H  K 

M 

• 

O  1  1 

Eh  u:; 

Ch 

• 

XC  £-1  O 

o 

rH 

30  Eh  O 

o 

1 — 1 

pj  *— 1  rH 

<x 

p4  i-H  M 

(X 

y  3“ 

^  3s  od 

txj  ^ 

0) 

o 

W  Eh 

0) 

o 

•-<  CO  O 

CL. 

o 

O 

M  to  O 

M-* 

10 

W  Eh  w 

• 

0  1  1 

o 

W  Eh  W 

• 

t'- 

1— 1  t-4 

o 

>'  1 

IS- 

M  ip 

£ 

• '  \  ' 
» 

Q  S  W 

«  P;  fd 

(14 

■:> 

s  tci  o 

c; 

S  to  C'J 

H-> 

r-i 

‘c  r£ 

to 

o 

r-J 

<c  . 

CO 

oj 

£h  DC 

>1 

o 

.O 

Eh  :xC 

t>J 

-o 

f-d  Cr.  ^ 
GC  »— i  x! 

to 

« 

■;;  .  »■■'•  t 

IT. 

W  fc  w 
Pd  M  X 

to 

• 

o 

‘-i  '--r 

Eh 

O! 

:o  rs  Eh 

p  3:  Eh 

H  to 

^  CO 

..'.r 

-i  '* 

O 

DC  ^-'O 

O 

PS  ■*^ 
fc— H  vV 

'■•■*  i 

ro  Q  r', 

• 

1  ’O  f 

*u  ^  C  \ 

•i 

CX  ttj  r  t 

r  r..  ^ 

— i 

Qd,  ^  - 
2.  - - ^ 

oi 

w  w 

W  W 

r-<  ro  co 

C'’ 

Eh  O  CO 

o 

'l4  F-" 

:vj 

EX  Eh 

OJ 

cr;  1  CD 

f  1  1 

ft;  1  ^ 

• 

■■■:'  tJ  W 

o 

o  rt3 

:-H  -J  Tl 

E-*  c: 

■X  to  W 

t-H 

.. 

♦— 3 

• 

O  '  w 

o 

O 

Q  -  Ci5 

o 

'  '  *■'• 

0 

cX  ^ 

.“r:  C' 

- 

n  t  vL’ 

•s 

x: 

• 

43 

^  K 

.,j> 

CL 

'"'4  tHt 

^'j 

c  -  Ld 

tiC 

c 

c 

r  • 

s,^  . 

Ei  O 
t  "•  O 

'I'. 

•li 

M 

A 

o  o  o 

S 

c* 

a*\Lnu‘\ 

i-i 

4-3 

o 

41'' 

Oi  ^  N- 

r-.  EX 

c 

Ci:5  o 

0) 

CO 

■p  c 

o 

e 

•r -H 

E; 

0) 

W 

f"~l 

ra 

rH 

C-tj 

ce 

w 

I  GC  I 


o 

ro  I 

^4 


UT  x  O 

O  I 

4—1  >—1 


VO  o 

'■ 


I 


--i  C'^ 
OD  C—  I 


L.  '  .  on 
’  O  t 


CO  -3- 
■O  u  \  I 


O' 

I  -=r  COi 


■o 

I  I 


to 

o 


Cl 

S 

o 


ra . 

T^ 

TJ 

ro 

DC 


213 


N- 

•-■I 

03 

E-i 


y 

■:.> 

Bl 

• 

1  -::T  1 

r?i 

1 

C _ 

/  .. . 

r.. 

Cj 

dc 

<>C  i— 1 

a 

<: 

0 

<C 

X) 

in  0  2:  -3 

X) 

• 

■-H  --ft  DC  < 

• 

0  M 

rH 

^  H  f.\j  0  0 

'H 

Cxh  K 

ti-4  >H 

Cd  Q 

CC  DC 

tij 

0 

W 

0 

C~>  I- 1 

.0 

■n  0  fd  2r 

i-Ci 

* 

--1  00  1  M 

• 

IS"  >H— ^ 

-H  '--•  s:  d? 

•  — H 

W  0  CO 

>1; 

W  >H  CO 

0) 

t-'  cd 

' — • 

P  0  rc 

CO  Cd  w 

3: 

0 

CO  w 

0 

>c  W  Eh 

=T 

00  '  D  >H  £d  P 

S 

43- 

\ 

• 

C^CO  1  to  fd  w 

» 

^  w  ^ 

• 

• 

S  S  ‘=c 

&CJ 

s  w  < 

0 

0  <  Cd 

d3 

0  g  td 

x 

n  < 

rd 

0 

<  < 

i-H 

Ci 

Cd  a  D-. 

CVJ 

-O'  -n  Cd  iH  cd 

OJ 

•i 

• 

G '  f. —  1  Eh  a 

b  r  0 

0 

rH 

a  0 

0 

«~H 

d:  '.o  *H 

0 

zr  M 

0 

w  --i  Cd 

G 

Wfo-  (d 

r-* 

CO 

0 

Eh 

5 

0 

r'OO 

e 

c 

40 -d-  rH  0 

G 

0 

H  rd 

G 

• 

00  1  EH  W 

U 

• 

s  d:  a 

0 

3;  X  .G 

0 

fH 

W  Eh  W 

b 

W  Eh  W 

Cm 

s:  H  0 

d 

g  M  0 

d 

cu  3:  s 

oj 

0 

w  :s  s: 

'J) 

0 

v-l  2^ 

Cd 

DO 

cno  ^  a  X 

X 

bo 

r.q  CO  w 

« 

>■''  f"-  '  ^  W  CO  w 

• 

CLj 

“  MH 

t3 

c 

^  _  EH  S 

e 

0 

0  i-H 

0 

a  H  Eh 

0 

4.- 

0  S  X 

•ij 

«d  a 

i; 

r- i  CC  d?  -CJ 

CO 

0 

'•D 

kC 

40-  e-,  x  'vD 

>1 

0 

W  CH  cc 

CO 

• 

r-  m  1  CO  w  Eh  O', 

CO 

• 

S  Ch  -H 

^  od  X  ' — ' 

0 

pM'-' 

P 

^  3: 

2e 

•a;  CO  CO 

0 

<C  CO  to 

rr'' 

"O  0  X  Eh 

-T 

til 

• 

1  -V  0  W  >'  P 

fc:  ^  a 

0 

.-(  a,  a  w 

0 

s  w  g 
W  t-J  w 

s  w  g 
w  3  a 

H  W  M 

0 

Eh  W  a 

0 

a  w 

OJ 

iO  5  w 

OJ 

td  Cd  0 

• 

1  1  X  a  0 

• 

0  I  s 

C5 

0  1  2: 

0 

EH  u  rd 

Eh  0  X 

• 

•a;  3  W 

• 

M  id  S 

••  ("H  X  S 

G 

Q  EH 

r 

0  a  F' 

0 

«x » — ' 

0  <;  — , 

cd  'u 

•t 

"  X  0 

r< 

•  ✓ 

/— 

Cd  cs 

CL 

.  ^  ;d 

Uj 

S  0  iaC 

btj 

• 

c 

0 

c 

i-i 

F.h  eh  0 

C.3  i';S 

M 

0  m 

a 

W  00 

di  CO  0  0  W  CO 

Cd 

4-) 

0  i.n  un  in  X 

4-- 

CJd  Cd 

c 

HJ  cj  ■=:■  t'-  XX 

c 

Ciq  'O 

0 

CO  wo 

0 

e 

T-! 

G 

0 

"D 

0 

1 — i 

ca 

r~| 

C-O 

K 

W 

O 


a 

e 

(U 

E" 

U 

o 

4J 

CO 

•H 

TJ 

CO 

cd 


o  o 


t 


o 

c\j  I  I 


u  O 

'-O  I 

r  -i  r~i 


o  o 

r-1^  I 
f~i  I — I 


o 

O  I  I 


CO 
■y\  i 


ru  o 

C>.CD 


CO  [•- 


I 


I 


rf'! 

i  '■D  i 


I  t 


O  O 
iTiLO. 
OJ^ 


216 


09T 


[ 


C~v 

v.  ✓ 

", 

^  O 

2:  » 

, 

tr}  1 

1 

^■J 

MJ 

O  '■ 

E 

r 

ZZ  1 

C- 

... 

’O 

T'-  C  S  2?J 

-^v 

• 

’  0  r^‘  CT* 

• 

CJ 

\*  o  S 

r-_ 

c:  w 

*— #  >-"1 

o:  ^ 

w  a: 

o 

w 

— Y- 

.0 

•C  a.  to 

• 

•  G  G  J  SX 

• 

ofl' 

'-•i 

S  ci; 

[li  ro 

W 

G 

^  O’--- 

_ _ ^ 

Eq  ••  GO 

0‘ 

C.0  CO  CO 

3r 

X-, 

X  X 

IT 

.0  O  >4  CG 

1:0 

'-T" 

GO  j-  ’  W 

\ 

• 

•0'Oa>  CO-  CO 

\ 

• 

_  \  c-< 

• 

.-, 

CJ  X>  E-*- 

^  w 

CJ 

:g:  \  w 

C'J 

'  S 

h 

— '  j  *■  * 

'  -  r.*« 

;•  ;  c  ’G 

f  o 

.'■j 

«— 1 

•0 

X  .X 

CM 

t'-  ’J’,  O  X  X  a; 

^'J 

StH  ^  '-G 

• 

’X  X.  ;■■-  E”*  *d 

•» 

• 

O '  0  Cu 

O  r.  X 

o 

^  — 1 

o 

2X 

w\o 

c 

w\  o 

r--* 

t-JJ  ■ — ’  1 — 1 

fO 

o 

M  r-<  M 

CO 

o 

cd 

c: 

o 

cr\f--  oo  X 

E 

o 

S  Eh 

« 

vO  X'l  sTn  £-•  X  E^ 

S  E-i  CJ 

O 

r-H 

2  Eh  O 

O 

r-H 

W  M  W 

X 

W  M  a 

X 

□ 

Ch 

s  :*  X 

I-( 

U]  w 

C.' 

o 

w  w 

G.' 

O 

>— J  GO  O 

X 

X) 

OO  x\  f-i  ^  X  CO  o 

X 

'CO 

W  Eh  s 

• 

f-  X\  G^  ^  a  Eh  S 

• 

H  cd 

?-• 

o 

CO  _  M  X 

E 

o 

a  2  w 

o 

X  2  a 

0) 

2  X'  X 

x 

0)  2  2  X 

ci;  t-i 

w 

o 

<H  <c  X 

m 

o 

tH 

M  ^3-  OJ  2  X 

'X 

M  fc  UO 

CO 

• 

X  uxx  TO  a  X  LT'- 

CO 

• 

CC  MX 

o 

Eh  X  MX 

o 

n  2  1 

2  2  t 

E-t  CO  rH 

Eh  CO  M 

<  [V- 

o 

<c  iS- 

c 

X  X'C-\ 

ar 

C--(X  X 

W  Q  -I 

• 

•  ix\  c —  a  Q  M 

CL,  W>_^ 

o 

X 

o 

S  Hi 

S!  X 

W  W  CO 

WWW 

H  2  E-* 

o 

X  2  Eh 

o 

X  2 

OJ 

X  X  2 

<^0 

• 

1  I  VO  X  1  W 

o  o  2 

o 

o  o 

o 

E-t  -j;  ui 

Eh  zS  W 

•a;  Dh  t-J 

• 

<  X  X 

• 

M  w 

E 

MW 

g 

Q  - 

o 

O  Q  " 

‘■J 

<  o— 

0 

X  <u 

•■■ 

•'  X  0) 

V — < 

2 

•  ■ — .- 

X  2 

■X 

a,  X  2 

-t-5 

O  X 

M 

E  o  X 

C 

o 

r-’ 

E-*  O 

X  E-  o 

5 

O  U'' 

M 

O  u'v 

X 

W  ro 

Ch  o  o  o  a  GO 

X 

O  0^  X.  ‘X  X 

...'• 

i.!* 

o!  -:r  r-  X  X 

iC 

CC  W  ’'  v 

-H  > 

C 

•r-i 

E 

5 

X5 

.*•  > 

iH 

n 

XI 

X 

W 

o 

o 


a 

E 

OJ 


A-4 

,-~N 

V.« 

CT3 


n 

(x: 


Oj 


O  ’  00 


OJ  OJ 


O") 


w'  -.X’  o 

OJ  ^  r^. 


XJ-  aO  C- 
O'J  ' — '  OJ 


I 


I 


t 


I 


\ 


( 


217 


00 

0) 

fH 

43 

<0 

Eh 


W 

CJ 

2  i-l 

<c  •X 

s  o 

ic.  n 

£g 

CC  2 
CU  ►-:} 

sB 

CO  w 
>-  Eh 
CO  W- 

££:  c 

2:  <  t 

°ai 

s.  ! 

CO'O 

2^ 

a>i 


Eh 

2 

g 

a 

w 


Q 

2 

c 


<: 
o: 
< 
COD^ 

Pm* 

3^ 

o 
w 


5  2  O 

^  5  s 

^  w  ir\| 

<  00 

S  n -H 
cu  w  C-- 
2  a  cr\| 
w  w  M 
Eh  to  — 

I  Eh 

2 

^  § 
.a 

'~'W 

(U  o 

§p 


a: 

c 

Eh 

< 

t-t 

P 

C 

OS 


Eh  O  Eh 

O  LO 
W  OO 

|X4 

w  o 


f- 

C-J 


B 


(D 


03 

43 


C 

=r 

M 


K> 

CM 


O 

lo 


B 


<D 
O 
C 
«c 
e 

M 

o 

C-i 
?-( 
aj 
p 

g 

5 

43 

O 

>j{40 
CO 


g 


lO 

CM 

lo 


x: 

43 

S’ 

3 


c 

<u 

s 

<u 

r-i 

w 


(T^CO 
f^m  I 


c^cn'O 


mcM  oo 


ma\cM 
ro  CM  cr\ 


M  tnco 

CO  CM  43- 


o  coo 

OOCM^rJ- 


00  O  CM 
CM  CM  CO 


t^f-00 
CM  M  CM 


mo 

I  M  CM 


u  , 
I  I  f — » 


Cj 

o 


a 

e 

<u 

Eh 

S4 

o 

43 

CO 

•r } 

TD 

CO 

ac 


o  o  o 
mmm 

CM43-  c^ 


w 

o 

S 

s  < 

e  C3 
O  M 
&«  S 


2 

W 

a. 


P 
2 
M 
p- 
>H  CO 
O  K 


CO  K 
X  W 
CO 

2 : 

o  ■ 


w 

2 

< 

K 

< 


2P 

g= 

M  M  o 


Eh 

2 


9 

U 
O 

g«l 


X 

Eh 

M 


CM 

W  Eh  X 

• 

00 

^  ^ 
P  X 

E 

0) 

ol 

<D 

2  D  m 

43 

M 

<  00 

03 

o 

43 

^  ' 

>i 

40 

<0 

W  X  M 

to 

• 

Eh 

X  M  c_ 

p  3:  CT^ 

M  CO  M 

o 

ol 

w  p 

gg 

w  w 

Eh 


CO 


X  I 

o  o 

Eh  3 
< 

P 
<. 

X 

X 

r' 


s 

w 

o 

^’g 


<D  Eh 


Eh  O 

O 

X  Tti 

W  O 


o; 


03 

X3 


a> 

o 

c 

CD 

6 

U 

o 

Ch 

(1) 

X 


B. 

CJ 


to 


iS 


B 


2 

■Si 

C 

43 

*-• 

0) 

S 

0) 

M 

w 


o 

o 


a 

E 

a> 

Eh 


O 

4> 

CO 

M 

rj 

CO 

X 


nOr-H 


'“1  G\ 

43-  no  1 


C7\MO 

com  I 


no 

nnn-i  I 


'vO  o 
rono  t 


rocj  I 


4r  4r 

mcM  ( 


no  CM 

mcM  < 


I  CJ  nS 


43- 

I  I  CJ 


o  o  o 
mmm 

CM43-  C- 


In  addition  to  the  need  for*  a  fast  reactor  heat  source, 
pi’ocaens  that  are  common  to  most  static  and  dynamic  space  power 
systems,  such  as  those  listed  under  the  "Problem  Areas"  section 
of  the  discussion  for  the  HORSE  concept,  would  also  require 
solutions. 

(4)  Probability  of  Success  On  the  premise  that 
therTioeiectrlc  materials,  with  properties  equal  to  those  used  In 
this  study,  would  be  available  by  1966-67  and  that  design  technology 
as  well  r-s  structural  materials  will  be  available  for  construction 
•of  2  I'ast  reactor  1200  ®C  heat  source,  the  probability  for  develop¬ 
ing  a  successful  SWIFT  type  unit  by  1970  Is  quite  high,  probably 
greater  than  95^. 

X.  Comparison  of  Reactor-Based  Power  Systems  A  comparison 
of  the  horse',  tiger,  and  SWIFT  types  of  reactor-based  power  systems 
is  recorded  In  Table  83  .  These  data  show  that  the  SWIFT  concept 
is  superior  to  the  HORSE,  and  that  both  the  HORSE  and  SWIFT  con¬ 
cepts  are  much  superior  to  TIGER. 


Table  63 

SYSTEI^  PERFORMANCES  OF  REACTOR-BASED 
SPACE  POWER  UNITS 


Space  Power 


_ System  Performance,  lbs./KW(e) _ 

KW(e)  30  KW(e)  350  KW(e) 

)5  1971-83  1964-63  19?  I  “85  1964-53  1971^ 


HORSE 

150 

120 

58 

33 

55 

26 

TIGER 

350 

130 

290 

90 

- 

- 

SWIFT 

160 

110 

60 

24 

^3 

15 

The  specific  volumes  required  per  KW(e)  of  output  for  each 
system  concept  are  compared  In  Table  84  .  The  large  cores  re¬ 
quired  for  the  TIGER  concept  prevent  this  system  from  having  a 
jow  specific  volume.  T.he  specific  volume  of  the  350  KW(e}  HORSE- 
type  system  could  be  decreased  to  approximately  the  0.2  ft.3/KV/{e) 
obtained  for  the  350  KW(e)  SWIFT  units  by  redesigning  the  large 
units  of  this  type  with  the  thermoelements  on  two  large  wing-llke 
fins  extending  from  the  reactor,  rather  than  placing  all  of  the 
thermoelements  between  the  shadow  shield  and  the  payload.  If 
this  were  done,  the  HORSE  and  SWIFT  units  would  exhibit  approx- 
imiiteZy  the  same  specific  volumes  at  all  power  levels. 


Table  d^i 

SPECIFIC  VOLUMES  OP  REACTOR-BASED 
SPACE  POV/ER  UNITS 


Ipace  Power 
loncept 


_ Specific  Volume^  ft  3/KW(e) _ 

3  KW(e)  30“KW{e)  350  KW(e) 

•65  igyi-'SB  1964-65  1971-65  1964-65  1971-B5 


HORSE 

14 

14 

3.5 

2  .2 

3.2 

2.2 

TIGER 

21 

19 

4.3 

2.9 

- 

- 

SWIFT 

15 

15 

1.9 

1.6 

0.2 

0.2 

'  The  fuel  costs  for  the  three  types  of  systems  are  summarized 

'  in  Table  85  .  The  fuel  costs  for  HORSE  systems  are  significantly 
lower  than  for  either  TIGER  or  SWIFT  systems  because  HORSE  permits 
.more  effective  use  of  the  fuel  than  the  TIGER  or  SWIFT  concepts. 

,  For  large  SWIFT-type  systems  the  fuel  utilization  could  possibly 
'be  improved  by  placing  columns  of  thermoelements  and  cooling 
tubes  within  the  nuclear  core,  as  well  as  on  its  interior  and 
‘exterior  surfaces.  This  possibility  was  not  investigated.  The 
'dilution  of  the  core  material  in  the  SWIFT  concept  would  be  greater 
‘than  in  the  case  of  HORSE-type  systems,  because  the  combined  volume 
^of  thermoelements  and  coolant  tubes  would  dilute  the  core  more 
I;  than  the  coolant  tubes  alone. 


Table  85 

FUEL  COSTS  FCR  REACTOR-BASED 
SPACE  POWER  SYSTEMS 


Space  Power 
Concept 


HORSE 

TIGER 

SWIFT 


Fuei  Cost,  $/KW(e) 
3  KW(e)  30  KW{e} 

)5  1971-85  1964-65  1971-85 


89,000  86,000  17,000 

680,000  68,000  830,000 

118,000  ICO, 000  92 , 000 


1964-1 

4,800 


14,000  4,800 

22,000 

3Q,000  75,000 


jO  KW(e} 

>5  1971^B5 

3,400 

20,000 


The  fuel  costs  for  TIGER-type  systems,  based  upon  annular- 
shaped  cores,  do  not  vary  proportionately  with  increases  in  power 
^output.  For  both  the  TIGER  and  SWIFT  units,  the  efficiency  of 
tfuel  utilization  is  iow  because  the  large  radiator  area  required 


i 


per  chennoelement  severely  limits  the  number  of  elements  which 
can  L3  attached  to  the  core  exterior. 

A  breakdown  of  the  weight  for  the  reactor-based  space  power 
systems  by  components  Is  shown  in  Tables  86  and  87  . 


Table  86 

WEIGHT  DISTRIBUTION  IN  OPTIMIZED  REACTOR-BASED 
SPACE  POWER  SYSTEMS  USING  1964-65  THERMOELECTRIC 

PARAMETERS 


Space  _ Portion  of  System  Weight,  % 


Power 

Output, 

i.  1 

iiiermoelec  trie 

w  .j.  %  /V 

Concept 

KW{e) 

Generator 

Reactor 

Shielding 

Structure 

HORSE 

3 

33 

34 

20 

13 

30 

72 

12 

6 

10 

350 

79 

2 

1 

18 

TIGER 

3 

13 

55 

23 

9 

30 

15 

69 

7 

9 

SWIFT 

3 

31 

38 

22 

9 

30 

34 

41 

16 

9 

350 

42 

41 

8 

9 

Table 

87 

WEIGHT 

DISTRIBUTION  IN 

OPTIMIZED  REACTOR-BASED 

SPACE  POWER  SYSTEMS  USING  1971-85 

THERMOELECTRIC 

PARAMETERS 

Space 

Portion 

of  System  Weight, 

Power 

Output, 

'thermoelectric 

Concept 

ICWCe) 

Genera  tor 

Reactor 

Shielding 

Structure 

HORSE 

3 

19 

44 

22 

15 

30 

97 

20 

11 

12 

350 

68 

4 

2 

26 

TIGER 

3 

8 

37 

46 

9 

30 

16 

59 

16 

9 

SWIFT 

3 

2 

52 

37 

Q 

>■ 

30 

15 

52 

24 

9 

350 

46 

34 

11 

9 
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The  rnuio  of  re^euor  weirh^  to  ..  weigh!,  i-i  !;iie  hCRSE 

eyo'e;:.  drops  with  irr-^-oaoe  in  power  leve.:,  rc  doer  rhe  ri^ield-inr 
i  weigh!  rntio,  whei'eor  '  he  :'3Lio  of  ther-n!Oeie';:'tr '!•  generator 

Aoight  to  !oiai  wei.ght  inci-easeo  with  an  increase  in  powei-  level. 

The  fact  that  the  theraioele-' iwie  poi-t.lon  of  each  of  these  systems 
'  ■a-re'te:j  witri  ificrease-i  system  powei-  level  emphasioec  the  Im- 
P  o  I '  w  h  r’^  U*  of  fur the  ntc  in  the  development  of  thei'mo- 

ele;',  matei'ials  In  m.iniinlsi  ng  system  weights. 

^  In 'ro  .red  thei'ma  i  e/T‘l-:iency  .  which  is  jcjssiblo  wi  ti:  .l.;;ipi‘Ovcd 

,  t-  u-i  ■  matoi'la  1  s ,  would  also  deci-ease  tiie  sloe  and  v;eight 

, :h--  ’'e':.-tor  .'.ind  hence  the  'weight  of  the  shielding.  The  large 
• ‘.t;ra  1  weight  calculated  for  the  ^^(e}  MORSE- type  unit 

:.■/  rcdu  -ed  -Oils iderab  : y  by  relo'-ating  some  of  the  thei-mo- 
e.et.-,:r.s  .jU  aide  panels  or  wings  projecting  from  the  reactor. 

'  --ati.vr  than  placing  a,.,:  of  theia  on  the  conical  structure  between 
1  ‘.he  shield  and  the  payload. 

imprcveinerits  in  the  system  performance  of  TIGER- type  systems 
,  "-i‘e  dependent  upon  decrease  in  radi-aioi'  ai’ea  p'or  couple.  Itnprove- 
'  s.ents  of  the  order  needed  to  compete  v;lth  the  perfor mance  of  HORSE 
and  SWIFT- type  systems^  however,  would  not  be  expea ted. 

1  The  weights  of  the  thermoelectric  generator  and  reactor  are 

■  r-he  factors  c on ti-o  1.1  ing  performance  of  the  large  SVJ3.PT-type  systems. 
,  Iricreased  v;att(e)/lb  ratings  for  the  thermoolej.  trie  generator 
,  significantly  Improve  the  system  performance.  In  addition.  Improved 
, thermoelectric  materials  would  Increase  the  power  obtained  per* 
unit  of  reactor  surface  area,  thus  lowering  the  avei’agc  weight  of 
'reactor  per  KW(e)  o'utput. 

High-performance  SWIFT- type  systems  would  be  attained  by 
■operating  at  cold -June  tlon  temperatures  of  2b0-'J^0°C  rather  than 
i  at  75C°C.  Hence,  low -temperature  thermce  lec trl'C  materials, 

.capable  of  being  joined  to  the  present  doub iy -segmented  thermo- 
e-  err.cnts  now  used  at  temperatures  from  ‘^00°C  to  1200  °C,  should  be 
'  invest. iga'v.ed .  Since  radiator  and  coolant  loops  could  be  operated 
'at  temperatures  in  the  2^jG°C-ktO^C  ra.nge,  it  Is  possible  that 
'overai_  system  efficiency  for  the  3WIPT  concept  could  be  slgnlf- 
licantiy  Increased  (to  >20fo)  by  utilising  a  Rankinc  cycle-type 
ipowei'  unit  'steam  or  other  low -te.^ipei”  t'ure  systeir. ).  Such  .a 
Hankine-typo  power  unit  could  receive  its  Input  power  from  the 
energy  rejected  at  the  4^0 °C  cold  Junctions  of  the  tlsermoelec trie 
generator,  expand  the  working  fluid  through  a  turbine,  and  condense 
'•the  i'esuiting  vapor  in  radiators  opei'atlng  at  250  ^C.  This  would 
'per.mlt  substantia]  reductions  .in  the  weight  of  the  radiators. 

)  Thermoelect  ric  gcneratcr-  .r.tt (•  • } /Lb .  tin  c  beyond  those  pos- 

fu.  -'ed  for  157  -Bt  could  li?cc-.>ve  the  sys'C!!.  performance  (.including 


shielding)  of  the  35O  KW(e)  HORSE-type  units  to  below  20  lb/KV;(e). 
Such  low  welght-to-power  ratios  would  be  quite  attractive  foi' 
large  space  propulsion  needs.  In  addition,  it  is  possible  to 
combine  the  HORSE  concept  with  a  Rankine  cycle-burbine  power  unit  . 
The  waste  heat  from  the  cold  Junctions  of  the  thermoelectric 
elements  could  be  absorbed  by  a  second  coolant  loop  containing  a 
vaporizable  coolant, such  as  water.  The  vaporized  liquid  could  be 
superheated  and  then  passed  through  a  turbine  to  a  condensing 
radiator.  The  system  weight  would  be  Increased  by  the  weight  of 
the  second  coolant  system  and  the  turbine,  but  the  system  power 
output  would  be  Increased  greatly  by  the  overall  efficiency 

output  of  the  Ranklne-turblne  unit  compared  with  the  3-3^  effl- 
lenoy  of  the  thermoelectric  generator*.  Computer  studies  opti- 
(tlulng  the  system  performance  of  these  hybrid  static-dynamic 
systems  sh;ouid  be  made  to  determine  the  potentialities  of  these 


In  summary,  the  watt(e)/lb  rating  and  thermal  efficiency  of 
the  thermoelec ti-lc  generator  are  the  most  Important  factors  affect¬ 
ing  the  perfor’mance  of  the  three  types  of  space  power  systems 
•onsldered  1.n  this  i*eport.  The  size  of  the  reactor  cores  for  each 
of  Che  three  types  of  reactor-based  space  power  systems  is  deter¬ 
mined  by  heat  transfer  or  thermoelectric  thermal  efficiency  con¬ 
siderations,  not  energy  limitations.  In  all  cases,  less  than  one 
atom  percent  burn-up  would  be  required  for  a  10,000-hour  mission, 
even  at  an  assumed  thermal  efficiency  of  h%.  The  shielding 
weight  was  determined  by  the  reactor  size,  desired  system  power 
output,  and  thermal  efficiency  of  the  thermoelements.  The  system 
structure  weight  is  determined  by  the  weight  and  geometrical  con¬ 
figuration  of  the  major  system  components.  Analysis  of  these 
observations  shows  that  reactor,  shielding,  and  structure  weights 
are  ail  strongly  influenced,  directly  or  indirectly,  by  thermo¬ 
electric  properties.  The  Importance  of  the  thermoelectric  prop¬ 
erties  in  determining  system  performance  Indicates  that  further 
research  could  be  profitable  in  terms  of  Improved  system  per¬ 
formance  for  each  of  the  concepts  considered  in  this  study.  The 
possibilities  cf  greatly  Improving  system  performance  via  hybrid 
statlc-dyna.mlo  systems  should  be  further  investigated. 
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a.  introduction  Ir^otope::  have  several  disblnct  advan¬ 
tages  over  other  heat  sourees,  particr laitly  in  systems  with  low 
and  alum  sower-  requlremen 'cs .  Of  primary  Importance  Is  the  fact 
aha*;  la.e  Isotope  source  can  be  designed  to  funr-tlon  in  a  manner 
'"i  ^  ty  sneepenaent  of  its  environment.  Also,  sources  are 

in  a  wide  range  of  specific  power  der.sitles  -and  lifetimes, 

By  .‘omblning  radioisotope  heat  so-ai-ces  witr;  hlg'h-tempei’ature 
'  he:  ".ct-viec-tric  materials,  it  is  posslbio  to  produce  devices  which 
a.'--  at  once  -apable  of  high  performance  (high  watt  /.' b .  ratios) 
arid  a  ISO  of  the  high  comporicnt  reilabiilty  inherent  to  all 
thermot;  1 trl c  gene . -a tor's  .  The  type  of  thermoe cements  developed 
by  Monsanto  Research  Corporation  snould  not  encounter  serious 
tr-oblems  with  regard  to  radiation,  sublimation  or  solid-state 
oir'fusion  types  of  damage  when  used  In  high- temperature  generators. 
Neither  should  generators  of  this  type  be  readily  damaged  by 
mic romt teorite  impact . 


Generator  and  fuel -development  programs  are  currently  under 
way  ,  or  pii^nned,  to  investigate^  the  use  of  isotopes  such  as 
?o^'-Q,  Crn^^^,  Cm2-44 ,  pu238^  ?m^^7^  and  as  power  sources  for 

use  in  cuter  space.  While  satisfactory  techniques  have  been 
developed  for  encapsulation  of  most  radioisotopic  heat  sources 
in  ways  to  Insure  safety  in  handling  on  the  ground  or  in  the  event 
of  launcn  pad  accidents,  additional  work  is  necessary  to  lower 
the  cost  of  encapsulation  and  to  perfect  capsules  which  will 
either  remain  intact  or  burn  up  completely  during  I’eentry .  By 
the  pi'oper  choice  of  radioisotopes,  a  generator  may  be  designed 
to  meet  almost  any  mission  duration,  including  those  lasting 
several  2^ears . 


The  principal  dlsaa vantage  of  isotope  heat  sources  for  gen¬ 
erators  is  their  relatively  high  cost.  In  almost  all  cases,  how¬ 
ever,  it  is  believed  that  an  increase  in  demand  will  result  In 
larger  scale  production  facilities  and  in  resultant  lowering  of 
production  costs. 

A  second  disadvantage  of  the  isotope-heated  generator  is  the 
presence  of  radiation  resulting  from  the  process  of  isotope  decay. 
Not  only  can  this  direct  radiation  present  a  biological  hazard 
and/or  be  detrimental  to  me  payload, but  it  can  also  Induce  secon¬ 
ds  ry  radiation  with  equally  hazardous  properties.  For  those 
isotopes  which  emit  only  a-particles,  radiation  from  isotope  de¬ 
cay  is  absorbed  in  the  materials  containing  the  isotope  heat 
source  and  surrounding  generator.  An  induced  secondary  radiation 
may  necessitate  minor  shielding.  Beta  (p)  emission,  however,  is  no. 
easily  absorbed,  and  the  resultant  Bremss tx’ahlung  requires  either 
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shielding  or  considerable  separation  between  the  generator-  and 
the  payload.  Neutron  and  Y-emlsslons  are  present  for  sorrie 
Isotopes,  and,  like  the  3-emissions,  require  protection  of  the 
payload  either  by  shielding  or  by  separation.  For  all  but  the 
a-emlttlng  isotopes,  heavy  biological  shielding  Is  reMUired  for 
ground  handling  and  launch  pad  operations. 

With  the  above  considerations  in  mind,  preliminary  investi¬ 
gation  of  several  conceptual  designs  for  radioisotope-powered 
thermoelectric  generators  was  undertaken.  This  Investigation 
was  concerned  with  utilizing  hi gh- tempera ture  segmented  p-  and 
n-type  thermoelements  produced  by  Monsanto  Research  Coi’poratlon 
with  short,  medium,  and  long  half-life  Isotope  heat  sources. 
Estimates  were  made  of  the  performance  characteristics,  cost,  and 
probability  of  success  in  achieving  the  design  goals  for  selected 
generators. 


The  results  of  a  preliminary  investigation  on  radioisotope - 
powered  thermoelectric  generators  have  been  previously  reported 
in  the  Third  Quarterly  Progress  Report  of  Contract  No.  AF 
33(615)-108-4  .  These  initial  studies  were  based  upon  the  use  of 
li^t-welght  isotope  containers  such  as  might  be  considered  for 
the  wide  dispersal  type  of  reentry  mode.  For  this  report  the 
studies  have  been  changed  and  are  now  based  upon  the  use  of  heavy - 
wailed  containers  such  as  are  necessary  for  total  containment  of 
the  Isotope  on  impact  after  ree.rstry  or  after  a  launch  abort. 

Another  change  was  the  choice  of  a  somewhat  higher  intermediate 
temperature  at  the  Interfaces  between  the  MCC  60  and  MCC  Uo  (n-type) 
and  the  MCC  30  and  MCC  40  (p-type)  materials.  This  temperature 
was  Increased  from  850®C,  used  In  the  previous  report,  to  900 “C 
to  reflect  the  proven  higher  temperature  capability  of  the  MCC  40 
materials.  Finally  this  report  will  summarize  .some  of  the  results 
of  a  performance  study  for  Isotope  power  the rmoeifec trie  generators 
based  upon  extrapolated  material  values  for  the  period  I971-1985. 

b.  Characteristics  and  Selection  of  Isotopes  An  Isotope 
must  possess  several  Important  characteristics  In  order  to  meet 
the  requirements  for  utilization  as  a  fuel  for  high- tempei’a ture 
thermoelectric  power  generation  systems.  These  are: 

1.  It  must  have  a  sufficiently  long  half-life 

to  sustain  adequate  power  generation  thi*ough- 
out  the  mission. 

2.  It  must  have  a  higli  thermal  density. 

3.  Preferably,  its  emlttance  will  constitute 
only  a-radlation. 
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.  It  shoulci  be  ava’iabie  ar  relatively  low 

CC  ot  . 

irr.cuch  nc  one  Isotope  can  meet  all  of  the  prerequisites 

eight  candidates  stand  cut  as  possible  choices.  They 
re  :  !-e.a'*n‘ el  in  Table  88. 
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Fcr  ieslgr,  rur’i-ocf-a ,  these  eight  candidate  Isotopes  v/ill 
ce  cons!  .  er::^  ;  In  two  groups  '-f  four  members  each.  The  first 
four  '.noiopes  listed  in  Table  38  ar-e  of  use  for  short-duration 
missions  only,  since  their  rate  of  decay  is  too  rapid  to  pro- 
vi.i:-  stable  power  cutout  over  long  reriods  of  time.  The  latter 
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A  further  characteristic  which  must  be  taken  into  consider¬ 
ation  is  the  melting  point.  It  is  necessary  to  provide  a  heat 
source  eap-tble  of  operation  at  high  temperature  In  order  to  make 
use  of  the  advantages  of  the  high- temperature  thermoelectric 
materials.  For  the  Monsanto  Research  Corporation  thei’moelements, 
this  temperature  is  IT'f'-’C.  Thus  the  melting  point  of  any  iso¬ 
tope  compound  should  be  higher  than  the  1200®C  level.  Table  39 
lists  hlgh-temperature  properties  for  several  forms  of  radio¬ 
isotopes. 


(l)  Biological  Shielding  From  the  standpoint  of 
safety,  any  thermoelectric  generator  with  radioisotope  power 
must  have  some  form  of  biological  shielding.  All  eight  Isotopes 
considered  for  generator  power  for  outer  space  produced 
7-emlsslon  as  part  of  their  natural  decay  schemes.  Also,  those 
with  P-emisslon  can  produce  a  Bremsstrahlung  flux  13). 
Moreover,  four  of  the  eight  isotcpe.s  are  characterized  by  neu¬ 
tron  emission,  the  neutrons  coming  from  spontaneous  fission  or 
from  a-neutron  reactions  In  the  fuel  material.  If  material 
shielding  only  is  used,  shield  weights  can  be  quite  high,  but 
fortunately  shield  weight  r  enal  ties  can  often  be  largely  avoided 
If,  for  examr)le,  shielding  by  separation,  rather  than  material 
shlel  ring.  Is  relied  upon  for  protection.  For  most  of  the  5so- 
tope.s  under  consideration,  the  nece.ssary  separation  e'lstances 
cetv/een  source  and  payload  ax*e  entirely  feasible  In  viev;  of  the 
integration  of  both  the  Isott^pe-heated  generator  and  the  payload 
in  the  launch  vehicle. 


Table  89 


An  inaleation  of  ’i-he  relauive  y  and  neutron  dose  rates  from 
8  200  watt(t)  power  source  is  given  in  Table  90. 

From  Table,  9C  it  if  eviaen.t  that  isotores  which  emit 
a-particies  (Po^^''-',  Cm-"-,,  very  jiftle  y-eftiss:' on 

is  present.  Also,  in  the  ^ases  of  Fc^^''  and  Pu03d^  neutron 
emission  is  quite  low.  The  two  jurium  isotope^^s^ow, gignif icani 
neutron  dose  rates.  It  'was  recently  reported  •  “h;  tr^at; 

research  tests  have  shown  tnat  tne  shielding  recuirements  for 
Cm2^^  are  disappointingly  high. 


DOSE  RATES*  FRCK  201  THEHHAL  WATT  POWER  SlUR: 
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*Rads/hr .  at  90  •cm.  from  lightly  shielded  right 
cylinder  sources  'wir.h  length  equal  to  diameter, 

'unshielded  ex-^ept  for  the  equivalent  of  1  cm. .  of 
lead . 

It  has  been  assumed  in  this  initial  study  on  radioisotopes 
that  the  ne-:essary  protection  for  adequate  biological  shielding 
would  be  achieved  by  separation  of  payload  and  generator  and  rhu^ 
no  shielding  weights  have  been  included. 


j  Costa  and  Availability  of  Isotopes  The  avail - 
.  lil:;,'  ar^;  eoets  of  iootoroa  reprer-ent  the  two  greatest  unknowns 
,  eT.ooantere'i  In  the  Drellnlnary  study.  It  has  been  concluded  after 
I  yx  r.l nation  of  all  available  aata  that  i-fhereas  present  production 
^  ■  '  iov;  an.i  C(  sts  are  very  high,  almost  aviy  future  demand  could  be 
sat Ir f 1 e  ■ ,  given  a  lead  time  of  several  years.  In  all  likelihood 
’  tho  costs  will  remain  hlgj:.  Ir;  Table  91  the  projected  production 
'•  captcl^v  ory  the  basis  Kj.‘/H(t)  Is  summarized  as  reported  by 

' fdvios ' ) .  Table  >  '  is  a  tabulation  of  isotopes  presently 
i  :  ro'dacea,  planned,  or*  that  can  be  produced  . 

f 

Prom  tne  follov;ing  tables  it  is  apparent  that  and 

,  lr‘.  'd  it  Ion  to  are  presently  in  least  supply,  in  terms  of 

,  th-:“  .905-  ’  pericd.  It  also  appear.n  that.  If  required,  appre¬ 
ciable  quantities  of  all  the  isotopes  couia  be  obtained  by  1971-83- 

‘  Table  lists  the  projected  cost  for  the  radioisotopes  from 

*t;riree  sources.  It  Is  likely  that  projected  cost  estimates  from 
•the  March  19b4  column  of  Table  93  sre  more  representative  of  fut\ire 
.costs  than  the  figures  of  th*-  <:ther  columns.  There  i.s  an  apparent 
>  trend,  therefore,  of  lowering  radlolsotooe  costs  a.s  time  Increases. 

c.  Design  of  Thermoelectric  Generator 

(1/  Generator  Configuration  Three  conceptual  de- 
'Signs  of  generator  configurations,  namely,  cylindrical,  sp.herlcal, 
,a:;d  sandwich,  were  chosen  for  study  v/ith  radioisotope  heat  sources, 
pin  each  case  tne  heat  source  was  contained  at  the  center  with 
’segmented  thermoelements  radiating  outv/ards  and  terminating  v;ith 
finned  radiators. 


(a)  Cylindrical  In  the  cylindrical  concept 
the  Isotope  is  encapsulated  In  a  relatively  long  cylindrical  con- 
italner  or  can,  with  the  hot  ends  of  the  segmented  thermoelements 
•  thermally  coupled  ,to  the  surface  of  the  can.  The  thei'moelemencs 
extend  outwards  from  the  surface  of  the  can  and  are  connected  at 
their  cold  ends  to  finned  radiators.  A  major  advantage  of  this 
'design  is  that  the  cylinders  may  be  stacked  to  yield  units  of 
‘higher  power  levels. 

i  (b.)  Spherical  In  the  second  or  spherical 

ideslgn  the  isotope  Is  contained  in  a  spherically  shaped  can  with 
the  ends  of  the  thermoelements  thermally  coupled  to  the  surface 
of  the  can  and  v;lth  the  cold  ends  terminated  with  finned  radiators 


I 
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PROJECTED  PRODUCTION  CAPACITY  OP  , 
CANDIDATE  RADIOISOTOPE  HEAT  SOURCEsC^Q^- ) 


Isotope 

Po210 


cm 


242 

Cs137 

Sr  90 

Pu238 


Productl on 

mr, 


Capacity,  KWH  ft)/yr 
1967 ~1970 


195^ 


3 

14 

14 

14 

- 

9.5 

9.5 

9 

25 

700 

1330 

4900 

0.01 

11 

25 

111 

- 

4i 

129 

134 

5 

48 

110 

458 

19 

63 

157 

893 

1.5 

11 

35.8 

73 

Table  92 

PROJECTED  PRODUCTION  CAPACITY  OP 
CANDIDATE  RADIOISOTOPE  HEAT  SOURCES^ ° ^ 


Isotope 

Present 

Planned 

"Capacity  Could  Be"  [ 

Po210 

50  grams 

300-500 

grams 

r 

1000  to  10,000  grams  | 

cm242 

100  grams 

100 

grams 

1,000+  grams 

Cel44 

as  needed 

1,100 

grams 

30,000+  grams  ^ 

?inl47 

300  grams 

500 

grams 

30,000+  grams  ! 

Cni244 

200  j-r-ams 

1,500 

grams 

many  KG 

Csl37 

11,500  grams 

40,000 

grams 

115,000  grams  ' 

Sr90 

21 , 000  grams 

35.000 

grams 

70,000+  grams  ; 

Pu23S 

A ,  ')00  grams 

10,000 

grams 

40,000  grams  { 

Table  93 


PROJECTED  RADIOISOTOPE  COSTS 


^/ITiermal  Watt 

March  1983 

Mov.  1963 

March  1964 

Isotope 

(Ref.Uj 

(Ref .16) 

(Ref.l'n 

Pc210 

190 

188 

50 

Cm242 

165 

17 

150 

Cel  44 

r; 

1 

1 

Pml*7 

48  0 

91 

86 

435 

357 

lor.-o 

Csl37 

10’4 

21 

21 

Sr90 

77 

19 

20 

Pu236 

1040 

894 

i  !‘)00 

’  .  .  -  ,  The  eandwlch  type  of  corifigur^tlort  utilizes  a 

'  which  the  thermoelements  contact  each  of  the  flat 

I  sides.  This  type  of  construction  pemits  close  spacing  and  ease 
of  thermal  insulation  between  adjacent  thermoelements,  a  gain  made 
at  the  expense  of  providing  less  radiator  surface  for  each  thermc- 
' element  with  a  resultant  decrease  In  efficiency  due  to  the  higher 
‘  radiator  temperature  produced.  However,  the  lower  efficiency 
■may  more  c-han  offset  reduction  of  heat  loss. 

i 

I  d.  Initial  Calculation  Methods  The  computer  program  for 
I  the  optimization  of  calculations  was  written  In  IBM  FORTRAN  II 
language.  A  copy  of  the  detailed  computer  program  was  supplied 
' to  the  Air  Force  Task  Engineer.  Basically  the  program  is  divided 
'  into  two  parts.  The  first  section  of  the  program  is  conc'^’^ned 
v^ith  optimization  of  the  thermoelectric  elements  themselvr-a, 
(Whereas  the  second  determines  the  optimum  performiance  of  an  in- 
( tegrated  unit  (heat  source,  thermoelements,  and  radiator).  The 
mathematics  employed  In  the  thermoelement  optimization  Is  based 
on  the  well-known  article  by  Swanson,  Somers,  and  Helkes(R^2f.l7), 
■and  yields  segment  leiigths,  area  ratios,  ana  load  resistance  to 
'obtain  maximum  thermocouple  efficiency.  The  first  portion  of  the 
program  was  used  for  the  spherical,  sandwich,  and  cylindrical 
(desl,-n  configurations.  The  portion  concerned  viith  generator  optl- 
imlzatlon  determines  the  total  number  of  couples  required  to  meet 
voltage  and  power  requirerrients.  At  this  point  the  size  of  the 
isotope  heat  source,  v;lth  the  thermal  power  requirements  and 
■design  configuration.  Is  ca:’culated.  Spacing  of  the  elements  over 
Hhe  surface  of  the  isotope  container  is  computed  if  the  available 
■radiator  area  is  calculated.  In  this  preliminary  study  the  avall- 
(able  radiator  area  was  equated  to  the  total  cold  strap  area  and 
t  th'="  effect  of  the  firi  .otruciure  was  not  taken  Into  account. 
Information  pertaining  to  the  heat  transfer  of  finne^J  structures 
could  not  be  incorporated  in  this  study  in  tLme,  However,  It  was 
felt  that  the  results  obtained  from  a  study  not  considering  the 
fin  structure  could  be  meaningful  and  that  they  could  be  extrapo¬ 
lated  to  include  the  effects  cf  the  fin  structure.  The  subsequent 
■  steps  In  the  calculation  are:  (a)  ‘^.f  the  radiator  area  is  Insuffl- 
'clent,  the  calculations  for  that  particular  set  of  Input  data  are 
terminated,  and(b)  if  the  radiator  area  is  sufficient,  the  per¬ 
formance  characteristics  of  the  generatoi’  ca*e  determined. 


P’or  the  S!)herlc'jl  an  J 
further  calculations.  The 


.tan  ■vjich  conf iguratlonr.  there  are  no 
cyllndi-lce]  configuration,  however. 


undergoes  a  furth-'T  calculatl or'i 


d  e  t  f ar m  1  r  i  a  t  i  o  ri  <'jV  o  {:« 1 1  mum 


Tier  forma  nee . 


cylinrirical  unit  'would  consist  of  a  number  of 


rings  of  thermoelements 
v;ith  the  cer.tr'ii  isr,  t^  pe 
optimisation  calcul'- 1  Ja-n 
is  reduced  by  on-:-,  ^nd  t 


stacked  around  and  In  thermal  contact 
fuel  containers  (see  Pigure  70.  In  the 
s,  the  number  of  rings  for  thermoelements 
he  configuration  calculations  are  repeated 


until  a  maxlmuiu  watts/ib.  ratio  is  obtained.  Thus,  from  an 
initial  given  length,  the  cylindrical  generator  is  reduced  in 
length  and  increased  in  diameter  until  an  optimum  geometry  is 
found . 

The  preliminary  generator  performance  calculations  are 
quite  complete  and  fairly  accurate  with  exception  of  those  for 
isotope  fuel  temperature  and  radiator  configuration.  It  Was 
felt  at  the  time  that  to  include  these  design  considerations 
would  prevent  the  timely  conclusion  of  this  study.  However, 
both  design  factors  are  of  importance  to  the  isotope  fuel  tem¬ 
perature  bec£:use  of  decay  gas  pressure  and  vapor  pressure 
cons id orations,  and  the  radiator  configuration  bec..ase  of  the 
reduction  in  volume  and  weight  of  the  device  that  can  be  achieved 
with  a  propel'  design  of  the  radiator  (fin  structures).  Conse¬ 
quently,  it  was  decided  to  modify  the  computer  program  to  account 
for  these  considerations. 


Up  to  this  time  it  had  been  mandatory  to  contain  completely 
the  helium  produced  by  the  decay  of  the  less  harmful  a-emitting 
isotopes  for  the  expected  life  of  the  container.  It  is  technically 
possible  to  produce  strong,  porous,  refractory  materials  capable 
of  containiiig  the  isotope  totally  while  allowing  the  helium  to 
escape  through  micropores  in  the  walls  of  the  container. 

e.  Optimization  Studies  It  was  beyond  the  scope  of  this 
phase  of  the  project  to  prepare  a  complete  analysis  of  all  the 
design  factors  influencing  the  optimization  of  the  generator. 
Therefore,  for  the  initial  study  it  was  decided  to  consider  several 
generator  conf igurations  at  one  power  level,  25  watts(e). 

'ON  The  25-watt  pov/er  level  was  chosen  because  it  was  felt  that 

'  the  first  operational,  high- temperature  thermoelectric  generators 
;  based  on  segmented  thermoelements  would  be  in  this  power  range . 

!  This  choice  seemed  Justified  by  the  high  cost  and  limited  avail- 
I  ability  of  most  of  the  isotopes  for  the  near  future. 


I  (1)  25-'^"att(e)  Pov^er  Level  Study  The  property  of 

?  an  isotope  v?hich  most  affects  tae  performance  of  a  generator  Is 
j  its  power  density.  In  the  interest  of  economy  it  was  decided  to 
f  make  a  complete  systems  evaluation  for  only  one  isotope  but  to 
50  I  enlarge  the  study  with  a  comparison  of  the  performances  of  systems 
I  powered  by  different  isotopes  at  one  radiator  temperature.  The 
I  isotope  which  was  fully  evaluated  is  g  high-density  radio- 

I  isotope  with  a  half-life  of  I63  days.  Although  Fo^l^  is  a  better 
I  representative  of  the  group  of  high  density,  short-life  isotopes, 

I  both  with  respect  to  cost  and  availability,  it  was  not  chosen  since 
I  at  the  initiation  of  this  study  not  enough  information  vjas  avall- 
i  able . 
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T>  j comparative  study,_ three  radioisotopes  were 

(gadolinium  polohlde),  Cm2^2  (curium  sesquloxlde) , 


(curium  sesquloxlde) .  An  attempt  was  made  to  Inciud': 

Pu  J  (plutonium  oxide)  in  the  study  but  this  could  not  be  done 
efflclenctly  without  modifying  the  computg^rtprbgram. 


used : 
ahd 


Some 

^gere  made  for  Pu^do  and  the  results  showed 


i§8‘ 


preliminary  computation 

the  performance  of  a  Pu^d<^-heated  generator  system  to  be  lower 
than  that  of  a  Cm^^^ -heated  one,  but  not  enough  to  outweigh  the 
Pu23o  with  respect  to  shielding  and  availability. 
Sr^o  (strontium  tltanate)  was  also  studied,  but  this  isotope 
proved  Itself  to  be  a  very  poor  candidate  for  powering  space 
devices  -  both  the  weight  of  Isotope  required  and  the  weight  of 
its  container  are  very  high. 


One  thermoelement  diameter  was  used  throughout  this  study. 
An  element  diameter  of  3/8"  was  chosen,  since  this  diameter  was 
used  for  ine  50-watt  laboratory  model  generator. 

Six  cold- Junction  temperatures  were  chosen,  because  the 
radiator  temperature  has  a  great  effect  on  the  performance  of 
a  generator.  The  lower  the  radiator  temperature,  the  better  the 
efficiency  of  the  thermoelectric  conversion,  but  the  lesser  the 
ability  of  the  radiator  to  reject  heat.  Values  selected  were 
500,  550,  600,  650,  700  and  750 ®C.  For  the  parameter  runs  only 
the  values  of  500,  600,  and  700®C  were  used. 

Total  thermoelement  length  was  the  final  factor  studied. 

For  the  larger  thermoelements,  a  total  of  27  lengths  were  used. 
These  ranged  from  0.1  cm.  to  2.7  cm.  This  number  was  chosen 
because  previous  calculations  for  the  50-watt  laboratory  model 
generator  demonstrated  that  In  the  short  element  length  region 
the  device  performance  was  best  for  any  one  set  of  condltio.ns 
until  the  inability  of  the  radiator  to  remove  sufficient  heat 
becaume  controlling.  It  seems  appropriate  to  draw  attention 
to  the  fact  that  this  study  is  a  preliminary  one  and  that,  for 
example,  it  does  not  take  into  account  the  actual  radiator  con¬ 
figuration.  The  actual  performance  values  are  somewhat  higher 
than  those  shown  in  Figures  71,  72,  and  73,  but  also  the  maxima 
in  the  performance  curves  are  going  to  occur  at  smaller  element 
lengths . 


The  hot  ends  of  the  thermoelements  were  placed  as  close  as 
possible  to  one  another,  leaving  only  sufficient  space  between 
thermoelements  to  permit  fabrication.  The  ratio  of  the  hot-strap 
area  not  covered  by  the  thermoelements  to  the  total  available 
hot-strap  area,  defined  here  as  the  stack  factor  parameter,  was 
not  varied  in  this  investigation.  For  the  diameter  elements 
used,  the  thermoelements  covered  from  50-60^'  of  the  available 
space  (stack  factors  from  0.5  to  0.4),  With  the  plasma-spray 
techniques,  this  factor  could  be  decreased  further. 
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25-watt (e)  Cylindrical  Generator  with 
as  the  Heat  Source,  Th  of  1200 °C  and  Various 
Cold  Junction  (Tc)  Temperatures 


o 

c  o 
U'-'O 
O  OJ 

J->  4J 


^  ilMtMWI  tMU*« 


totowiPt  -  no 


Figure  73.  Performance  ^att(e  vs.  Length  of  3/8- inch 

Diameter  Segmented  Thermoelements  for  a  25-watt{e) 
Cylindrical  Generator  with  Various  Isotope  Heat 
Sources  (Th  -  1200 ‘‘C,  To  =  600°C) 


The  Isutope  capsule  wall  thicknesses  were  computed  utilizing 
a  procedure  outlined  In  Ref.  l8.  The  capsule  material  used  In  all 
cases  was  Moly  TZM  with  a  0.1"  of  Hastelloy  C  cladding  to  prevent 
oxidation  of  the  molybdenum  alloy.  A  30^  void  volume  was  taken 
into  account  for  the  a-emltting  Isotopes.  The  containers  were 
designed  for  lrapact(Ref.  l8)  and  the  effects  of  the  helium 
pressure  build-up.  The  effect  of  reentry  heating  was  neglected. 
Additional  study  will  be  necessary  to  arrive  at  a  calculatlonal 
p;*ocedure  that  duly  takes  Into  account  all  factors  governing 
capsule  wall  thickness.  However,  It  Is  felt  at  the  present  time 
that  the  use  of  the  Impact  criterion  yields  a  good  first  approxi¬ 
mation  of  the  wall  thickness.  While  internal  pressures  due  to 
radioisotope  decay,  vapor  pressure,  and  possibly  additional 
thicknesses  of  oxidation-resistant  coatings  may  result  in  an  In¬ 
crease  of  capsule  wall  thickness,  and  thus  of  capsule  weight,  it 
may  also  be  that  the  approach  of  Ref.  l8  is  actually  a  bit  too 
conservative  and  that  a  correction  of  the  approach  may  tend  to 
compensate  for  the  effects  mentioned  above  or  it  may  even  result 
in  a  decrease  of  the  wall  thickness . 

The  relative  physical  positions  of  segmented  thermoelements, 
Insulation,  and  radiators  in  the  cylindrical-type  generator  may 
best  be  understood  by  referring  to  Figure  70.  In  Figure  70  the 
high- tempera ture  thermoelectric  segraents  of  both  the  p-  and  n-type 
legs  are  connected  to  the  graphite  hot  shoes.  MCC  50  is  the 
designation  of  the  high-temperature  p-material  and  MCC  60  is 
the  designation  of  the  hlgh-temperature  n-material. 

To  each  of  these  high- temperature  materials  is  bonded  the 
appropriate  p-  and  n-type  MCC  40,  Monsanto  Research  Corporation's 
intermediate-tempera ture  thermoelectric  materials.  A  thin  copper 
radiator  is  attached  at  the  cold  end  of  each  leg.  Thermal  and 
electrical  insulation  fills  the  remaining  spaces  of  the  thermopile. 

The  Isotope  heat  source  for  this  proposed  generator  design 
is  shown  In  the  center  withi.n  a  welded  inner  and  outer  can.  The 
outer  can,  of  course,  also  takes  the  form  of  an  oxidation-resistant 
cladding  of  the  inner  can.  As  portrayed  In  Figure  13>  a  void  was 
used  to  limit  the  pi-eosure  of  the  helium  that  would  be  released 
during  decay  of  the  a-emltting  isotope.  If  the  use  of  the  micro¬ 
pore  containers  we  have  proposed  ultimately  proves  to  be  feasible, 
and  is  accepted  by  both  the  Air  Force  and  the  AEC,  this  void  would 
not  be  required  and  can  weights  would  be  much  lower. 

The  doubly-segmented  thermoelements  in  concentric  ring  form 
st.own  in  the  cutaway  view  In  Figure  70  would  be  produced  by  flame - 
and  arc-plasma  spray  techniques,  now  under  investigation.  These 
techniques  show  considerable  promise  for  producing  segmented 
thermoelements  in  a  variety  of  chapes  and  performance  charac- 
teris  tics . 
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The  two  conically  shaped  thermal  radiation  heat  shields  shovm 
at  the  lower  end  of  support  rod  of  the  cylindrical  generator  in 
Figure  :'0  serve  as  thermal  shadov;  shields  for  the  payload.  The 
support  rod  would  preferatly  be  long  enough  to  permit  adequate 
separation  of  the  generator  from  the  payload,  minimizing  damage 
c,.-  radiation  from  the  Isotope  heat  source. 

The  physical  properties  used  for  the  initial  optimization 
studies  of  the  conceptual  cylindrical  unit  shown  in  Figure  70 
’.\'ere  presented  in  Section  I  of  this  report. 

For  all  reported  calculations  on  the  state-of-the-art  systems 
(19'- 4-1915),  constant  values  of  the  hot-Jvmctlon  and  interface 
temperature  of  1200®C  and  900°C,  respectively,  were  used.  In 
each  case  these  temperatures  represent  the  limit  of  safety  at 
which,  at  the  present  time,  the  respective  materials  appear  to 
ce  opera cl e  for  periods  of  more  than  a  year.  The  reported  cal¬ 
culations  on  the  1971 “I985  systems  use  hot-. Junction  and  interface 
temperatures  of  1400®C  and  1050°C,  respectively,  temperatures 
which  we  fee±  can  be  safely  utilized  by  our  materials  once  their 
deve.lopment  has  been  completed. 

On  the  basis  of  performance  and  life  tests  made  to  date  of 
generators  cc'-s enacted  with  doubly-segmented  Monsanto  Company 
thermoelectric  materials.  It  is  possible  to  develop  approximately 
12  volts  at  25  watts (e),  or  higher  voltages  at  larger  generator 
capacity.  For  example,  more  than  24  volts  are  obtainable  under 
matched" load  conditions  for  generator  povjer  outputs  In  excess  of 
1:2  watts.  Accordingly,  no  effort:  was  made  to  Include  any  form 
cf  r;ov;er-ccnditlonlng  equipment  in  this  study  period  for  the 
lo.-'iger  half-life  heat  source.  It  is  possible  that  power  condl- 
t!.<'nir:g  v;cul'i  not  be  required,  depending  upon  the  missile  pov;er 
profile.  Mechanical  methods  of  dissipating  unused  heat,  such  as 
the  shutter  used  on  the  SNAP  11  generator,  may  be  necessary  v;hen 
shorter  half-life  Isotopes  are  employed. 


Figure  71  portrays  a  typical  relationship  between  the 
vritts/lb.  performance  ratio  and  the  total  element  length  of  seg¬ 
mented  thermoeler  .'its  foi*  a  cylindrical  configuration  utilizing 
thermoelements  oi  5/8-lnch  diameter  and  an  isotope  fuel  consisting 
The  cold-Junctlon  temperature  represents  the  parameter. 
The  optimum  performance  is  noted  at  approximately  9  wat.(e)/lbs.  for 
total  element  length  of  I.7  cm  and  a  cold-Junctlon  temperature 
'C.  As  shov;n  in  Figure  72,  the  conversion  efficiency  ’wov<ld 
.  3'y  for  this  element  length  and  cold-Junctlon  temper:-' - 
ture .  It  is  ai; 
oerformanoe  of. 
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The  general  shape  of  the  curves  shown  in  Figure  71  illus¬ 
trates  the  effecl  of  obtaining  improvea  generator  perl ormance  by 
decreasing  the  overall  element  length.  Howev^^r,  it  is  apparent 
that  there  is  a  practical  limitation  on  imrrn'vjng  the  generator 
performance  by  decreasing  the  element  length,  oecause  as  the 
length  decreases  the  resistance  decreases,  thus  permitting  an 
increase  in  current  and  losses.  Also,  the  heat  flux  through 
each  element  increases,  necessitating  the  re,  'Ction  of  more  heat 
per  unj t  radiator  area.  The  maximum  points  on  each  curve  in 
Figure  71  represent  the  cases  where  radiator  s^ce  becomes  the 
controliing  -actor  and  a  further  increase  in  heat  throughput 
reduces  the  generator  performance  drastically. 

In  Figure  72  the  overall  generator  efficiency  associated  v/lti 
each  of  the  cases  shovm  in  Figure  7'1  is  demonstrated.  The  effect 
of  changing  the  cold -junction  temperature  on  generator  efficiency 
is  quite  apparent. 

Figure  73  illustrates  the  importance  of  a  high-pov/er  density 
isotope  for  a  25  watt(e)  cylindrical  generator,  fabricated  with 
segmentea  thermoelements  and  operating  between  1200®C  and  6C0‘’C. 

In  this  case  tne  only  parameter  varied  was  the  isotope.  Of  the 
isotopes  consiv^’ered,  Po210  is  the  most  attractive  heat  source. 
Cn;244  offers  a  relatively  good  performance,  out  other  considera¬ 
tions  such  as  cost,  ground  handling  and  payload  shielding  make 
Pu238  a  more  attractive,  medium-density,  3ong^-life  fuel.  The 
performance  values  for  Sr90  v/ere  calculated  but  they  have  not 
been  plotted.  The  Sr50  performance  values  are  quite  low  and  it 
seems  that  should  only  be  utilized  for  terrestrial  applica- 

tuons  where  weight  is  not  such  an  overriding  design  criterion 
as  it  is  in  space  povjer  applications. 

The  maximum  performance  calculated  for  a  25-''?att(e), 

-  cyllnurical,  isotope-heated  generator,  using  3/8-inch  diameter 
thermoelements,  are: 

9.3  wattfeVlb.,  using  Po^'f^  as  a  fuel 

8.8  wattfeVlb.,  using  as  a  fuel 

3.8  watt(e)/lb. ,  using  0.244  a  fuel 

In  Figure  74  is  presented  the  comnarison  of  the  various  de¬ 
signs  of  cylindrical,  spherical,  and  ssndwiqh  conceptual  designs 
for  the  25-watt (e)  generators  utilizing  as  the  heat  source. 

The  results  of  calculations  based  upon  the  1200°C  hot-junc- 
tlon  and  the  600° C  cold -juriction  temperatures  and  3/8-inch 
diameter  segmented  elements  rex'eal  that  the  spherical  configuratio 
has  a  slightly  better  performance  than  the  cylindrical.  In  viev; 
of  the  fabrication  complexity  of  a  spherical  configuration,  it  is 
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f6it  that  the  cylindrical  conflguratlcn  Id  to  be  preferred  In 
almost  all  cases.  The  sandwich  configuration  compares  very 
unfavorably  with  both  the  cylindrical  and  spjherlcal  design.  It 
Is  again  to  be  noted  that  the  increased  heat -I'e Jectlon  capacities 
of  the  radiators,  due  to  the  fin  structures  mounted  on  them,  have 
not  been  taken  into  consideration  and  that  further  study  v;ill 
reveal  that  the  actual  performance  values  are  in  all  cases  some¬ 
what  larger  and  extend  somewhat  more  into  the  range  of  shorter 
element  lengths.  Kov;ever,  it  is  felt  that  the  conclusions  with 
respect  to  the  superiority  of  the  cylindrical  design  still  hold,. 

The  figures  for  Isotope  costs  under  the  November  1963^^®^'^^^ 
column  were  used  at  the  time  this  part  of  the  study  was  made,  and, 
therefore,  selected  to  show  the  typical  lependenoles  of 

ther-mal  efficiency  and  performance  on  element  lengths  for  various 
element  cross  sections,  radiator  temperatures  and  generator  con¬ 
figurations.  Ho^'rever,  Po210  ls,on  the  basis  of  Ref.  l4,  lower 
in  co.st  than  and,  since  it  ha.s  also  better  performance  j[see 

Figure  73)  <3nd  3 ess  shielding  requirements  than  Cm242  has,  Po^lC 
would  be  the  right  choice  for  any  short  mlGSlon  application.  It 
is  to  be  noted  that  the  conclusions  drawn  from  the  Cm242  study 
are  equally  valid  for  Po^lO. 

,  In  the  medium-power  density  area,  the  initial  fuel  costs  of 
Cni244  are  identical  with  those  for  safe  but  low  power  density 
Pu233.  On  a  short-term  basis,  l.e.,  .1-5  year  life,  costs  would, 
remain  the  same,  but  if  it  were  possible  to  use  a  generator  to 
the  half-life  of  Cm244  Pu238  then  Pu238  would  be  the  more 

economical  fuel.  Certainly  Pu238  presents  much  less  In  the  v;ay 
of^shleldlng  vand  ground  handling  problems  and  costs  than  does 
Cm244  on(j  would  be  much  more  economical  to  use. 

Further  revisions  are  anticipated  to  the  projected  costs  of 
the  eight  Isotopes  listed  in  Table  93*  Such  changes  in  costs 
are  dependent  upon  demand  and  type  of  usage  Involved  in  commercial 
developments.  For  the  immediate  future.  Isotope  power  density, 
availability,  and  mission  safety  factors  will  probably  govern 
their  selection  for  space  pov/er  systems. 

The  results  reported  on  the  previous  pages  were  based  on 
the  properties  of  the  Monsanto  Research  Corporation  MCC  60, 

HCC  30  and  MCC  40  materials  estrCblished  for  the  period  1964-1965 . 
k  table  of  tnese  properties  is  shown  on  page  168  of  Section  E.  On 
the  same  page  the  thermoelectric  property  values  considered  to 
be  feasible  once  the  deveiopment  of  the  MRC  materials  is  completed 
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have  been  tabulated.  It  is  felt  that  these  material  values  5= 
valid  fox-  the  period  1971-2955.  d  preliminary  study  based  upon 
these  material  values  showed  that  a  1400 ®C  hot-Junction  tem¬ 
perature,  1050 interface-temperature,  and  550  cold-junction 
temperature,  a  systems  thermal  efficiency  oi?  9.0^  can  be  reached, 
while  a  performance  of  better  than  2C  watts(e)/lb.  can  be  achieved 
for  a  wide  range  of  element  lengths  and  cold- junction  tempei*a- 
tures.  A  25  W3tt(e)  thermoelectric  space  power  system  using  a 
gadoliniuin-polonids-21G  heat  source  can  have  a  performance  better 
than  25  watts (e)/lb.  based  upon  these  1971-1955  material  property 
predictions , 


f .  Problem  Areas  In  any  discussion  of  anticipated  problem 
areas"  for  iso tope -Rea ted  space  power  systems,  the  problem  of 
,  safety  during  launch,  abort,  orbit,  and  reentry  is  paramount. 

.  Any  new  design  would  undoubtedly  require  an  extensive  safety 
analysis  and  test  prcgram.  It  should  be  feasible  to  solve  su-i 
problems,  since  they  are,  in  general,  quite  similar  to  those  that 
were  faced  and  solved  during  the  several  successful  SNAP  missions. 

Additionally,  problems  will  have  to  be  solved  in  the  pro- 
;  ductioii  of  the  optimized  but  very  small  thermoelements  needed, 
and  ill  joining  of  the  thermoelectric  generator  and  isotope- 
con  tainer  Interfaces.  Also  Important  are  the  problems  of  when, 
whei’e,  and  at  what  cost  the  desired  quantities  of  isotopes  can 
be  obtained.  Present  indications  are  that  the  AEC  could  produce 
sufficient  quantities  of  each  of  the  Isotopes  considered  here, 

;  if  the  mission  is  importaht  enough  to  obtain  project  funding,  and 
j  if  sufficient  lead  time  is  allowed  to  provide  the  needed  facili- 
I  ties . 

I  Containment  of  isotopes,  for  use  at  1200-1300*0  in  a  vacuum 

I  or  Space  environment,  is  at  hand,  and  rugged  functional  and  effi- 
I  cient  junctions  between  the  isotope-container  and  the  thermo- 
I  electric  generator  components  can  be  developed. 

I 

}  g.  Probability  of  Success  On  the  above  bases,  it  is 

^  estimated  that  th^re  is  a  hi^  (up  to  95^)  probability  of  success 
i  for  producing  (or  Po210| ^heated  generators  of  25-100  watts (e) 

i  capable  of  from  140  lbs./KW(e)  performance  during  the  1965-1970 
i  period . 
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3.  Solar-CoMcontrs  l  : .g  ThervrioelcQtrlc  Systems 


a.  Inti'odui.- 
i n V estlgatlon  was 
typical  solar-con 
era  tor  nioduie  in 
terrestrial  orbit 


_^lori  Bto-ause  of  budget  restrictions,  this 
flrnl ted  to  estimating  the  performance  of  a 
oentratlng,  high- temperature,  thermoelectric  gen- 
space  power  systems,  operating  in  a  130-mlle 
at  a  solar  flux  of  135  watts/ft .2. 


Considerations  of  various  solar-concentrator  type  space  power 
systems  (Ref.  17  ,  d;  ,  dO  ,  21)  showed  that: 


1-.  Co  i  le^'tox'S  of  high  (preferably  >0.7)  calorimetric 
efficiency  and  concentration  ratios  are  needed  to 
provide  hot- junction  temperatures  of  1200 “C  in  a 
near-earth  orbit. 

2.  Only  expensive  one-piece,  highly  accurate,  concentrating 
mlr*rors  are  likely  to  provide  the  necessary  calorimetric 
efficiency . 

3.  Precise  mirror-orienting  mechanisms  are  required  to 
keep  the  collector  accurately  aimed  at  the  sun  if 
constant  1200 ®C  temperatures  are  to  be  maintained. 

4.  Tlie  maximum  diameter  of  one-piece  collectors  capable 
of  the  high  calorimetric  efficiency  and  concentration 
ratios  required  is  not  likely  to  exceed  9  ft.  This 
also  appears  to  be  about  the  maximum  mirror  diameter 
to  permit  stowablllty  in  launch  vehicles  to  about 
1970. 

3.  There  Is  no  reliable  information  on  the  life  or 
performance  of  thermal  storage  systems  that  would 
work  at  temperatures  to  1200®C. 

6.  The  unit  weights  of  advanced  (1965-1970)  one-piece 

collectors  with  appropriate  deployment  and  orientation 
hardware  were  estimiited  to  be  about  0.5  Ib./ft,  . 

b.  Conceptual  Design  With  regard  to  the  perfori.:?.nce  of 
a  thermoGlectric  generator  to  utilize  the  thermal  energy  from  a 
solar  collector.  It  was  assumed  that  a  250-watt (e)  unit  of  the 
design  shown  in  Figure  75 ,  capable  of  thermal  efficiency  and 
100  ib8./KW(e),  could  be  available  in  the  1965-1970  period. 

Such  a  generator,  shown  without  a  thermal  storage  component,  would 
consist  of  stacked  rings  of  concentric  layers  of  thermoelectric, 
contact,  and  radiator  materials  fabricated  by  plasma-spray  or 
hot-pressed  techniques.  The  conceptual  designs  presented  in 
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Figures  75  and  76  show  only  the  plasma-sprayed  type  of 
thermoelenieAt'  which  we  antioipat-e  being  available  by  197Q* 


The  central  black  body  cavity  of  the  generator  of  Figure  75 
would  consist  of  graphite.  The  ends  of  the  generator  would  be 
produced  from  p-  and  n-type  layers,  also  produced  by  plasma¬ 
spraying.  As  shown  in  the  enlarged  cross-section  view  "A”,  the 
stacked  rings  of  thermoelements  would  be  alternately  p-  and  n- 
joined  at  their  outer  edges  by  a  copper  radiator  and  at 
their  hot  ends  by  graphite.  The  surface  of  the  radiators  would 
be  treated  with  a  highly  emissive  coating  for  maximum  heat  re¬ 
jection.  Each  concentric-layered  thermoelement  ring  or  disc 
offers,  in  effect,  many  parallel  thermal  and  electrical  connection 
between  its  hot  and  cold  ends  with  each  two-segment  p-type  thermo¬ 
element  ring  joined  in  series  to  an  adjacent  n-type  ring. 


Current  and  voltage  characteristics  of  this  type  of  generator 
could  be  modified  by  slicing  each  disc  to  provide  thin  or  thick 
thermoelement  discs.  Thin  discs  would  yield  thermoelements  with 
higher  length/area  ratios,  higher  temperature  drops  across  each 
ring,  and  hl^er  voltage,  with  reduced  Joule  heating  losses 
compared  to  thick  discs.  Accordingly,  such  a  generator  concept 
could  be  used  to  provide  a  large  variety  of  power  characteristics. 


The  thermoelectric  generator  concept  of  Figure  75  is  shown 
in  combination  with  a  9-ft.  diameter  high-quality  collector  in 
Figure  76.  This  collector-generator  module,  similar  to  designs 
proposed  by  others  22),  ±s  equipped  with  a  seraiciroular  yoke 

which  permits  the  collector  to  pivot  toward  t/.s  sun  once  the 
launch  vehicle  is  in  orbit  and  the  stowed  modules  are  deployed. 


c.  Performance  Characteristics  A  brief  examination  was 
made  of  the  possibility  of  using  either  heat-of -fusion  or  vapor- 
phase  types  of  thermal  storage  components  to  provide  energy  during 
a  dark  orbit  period  of  35  minutes.  It  was  found  that  for  a 
250-watt(e)  generator,  aS  shown  in  Figure  75#  operated  at  a  T^ 
of  1200 ®C,  the  available  thermal  storage  cavity  (23  inches  long 
by  2.5-inches  diameter)  is  not  large  enough  to  handle  the  volume 
of  thermal  storage  materials  that  would  be  required. 


As  an  alternative,  silver-cadmium  bat-:;eries  rated  at  about 
400  watt-min ,/lb .  (1965-1970  technology)  for  50^  discharge  depths 
were  assumed  as  the  source  of  energy  during  the  dark  orbiting 
period.  A  lOJg  additional  energy  allowance  was  assumed  for  these 
batteries . 

NO  power  conditioning  equipment  was  assui.-.od,  since  it  is 
possible  to  produce  directly  about  100  volts  with  a  250  watt(e) 
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Conceptual  Design  of  a  Solar  Collectoi 
Type  High-Temperature  'rhermoelecbrlc  i 
Module 


Module  Comoonent 


We Ight /Mo dul e ,  lbs 


>ih  4* 

x’1^4.  WA  rr^wi  V4.^pxv/^mc;ii  1/  cixivi 

orientation  hardware 
Batteries 

Themoelectrlc  generator 

Total  Weight 


35.2 

23.5 

83.7  lbs 


The  specific  performance  of  a  250  watt(e)  mirror-generator* 
module  based  on  the  above  weight  is  335  lb/0<(e).  Based  on  an 
estimated  volume  of  60  ft3/module  (complete  with  battery  storage), 
the  specific  volumetric  performance  for  this  type  of  system  Would 
be  240  ft3/KW{e).  Assigning  a  length/diameter  ratio  of  2:1,  for 
stowage  chambers  required  to  house  such  solar-concentrating 
thermoelectric  power  systems  during  launch,  the  following  relation 
exists  between  stowage  chamber  diameters  and  power  output; 


System  Power 
Outnut.  KW(e) 

Stowage  Chamber 
Diameter,  ft. 

Weight  of  System. 
Without  Stowage 
Chamber,  lbs 

1 

5.4 

335 

3 

7.7 

1,000 

10 

11.6 

3,350 

20 

14.6 

6,700 

30 

16.6 

10,000 

350 

37.6 

117,000 

As  indicated  by  the  above  performance  n\imbers,  it  is  not 
anticipated  that  the  stowed  volume  per  modtile  or  the  lb/KW(e) 
perfor^nce  will  decrease  with  increasing  output  levels  for  solar- 
concentrating  thermoelectric  space  power  systems.  For  this  reason 
there  Is  nothing  to  be  gained  in  system  performance  by  increasing 
the  power  level.  As  indicated  above,  large  vehicles  would  be 
required  to  launch  power  systems  of  more  than  a  few  iCWCe)  output. 

d.  Problem  Areas  Mirror  fabrication  techniques  appear 
to  have  progressed  to  the  point  where  one-piece  parabolic  units 
up  to  9  ft  in  diameter,  capable  of  0.73^  thermal* efficiency,  could 
be  produced.  However,  the  situation  is  not  as  good  with  respect 
to  deployment  and  orientation  mechanisms  capable  of  properly  and 
reliably  manipulating  more  than  one  or  two  of  the  proposed  modules 
in  a  space  environment.  It  is  our  opinion  that  considerable 
effort  will  be  required  to  develop  deployment -orientation  hardware 
that  will  be  suitable  for  attainment  and  maintenance  of  the  needed 
12Q0°G  hot- junction  temperatures  in  a  space  environment  for  the 
thermoelectric  component. 
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Battery  technology  appears  adequate  for  providing  the  energy 
storage  needs  involved  in  near-earth  orbits  and  for  reasonable 
tiiTic  periods.  Hov/ever,  problems  will  have  to  be  solved  in  inte¬ 
grating  electrical  characteristics  of  the  thermoelectric  generator 
with  those  for  the  batteries  and  the  duty  cycles  Imposed  by 
missions.  It  may  be  advisable  to  use  power  conditioning  equip¬ 
ment,  which  will  further  increase  the  lb/KW(e)  ratio  and  lov;er 
the  performance  of  the  system. 

With  regard  to  the  thermoelectric  generator,  it  is  likely 
that  hot-pressed  rather  than  plasma-sprayed  thermoelements  would 
be  available  by  1964-1965.  V/hile  it  is  anticipated  that  the 
thermoelectric  properties  of  individual  thermoelectric  materials 
used  in  this  investigatioji  will  be  available  by  1964-65,  there 
are  difficult  problems  to  be  solved  in  producing  high- per fomancei 
short,  segmented  thermoelements  of  less  than  1/4 -inch  diameter. 

Solutions  for  each  of  the  above  probiein  areas  are  technically 
feasible. 

e.  Probability  of  Success  On  the  premise  that  the  state 
of  the  art  on  one-piece  solar-concentrators  is  presently  adequate, 
and  that  hot-pressed  thermceiements  capable  of  7.5-IO  v/atts(e)/lb 
performance  will  be  available  by  1964-1965,  the  probability  of 
success  should  be  quite  high  (>95^)  for  producing  a  practical, 
solar-concentrating,  thermoelectric  spaca  pov;er  module  of  the 
predicted  performance  during  the  1965-1976  period. 
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IV.  RECOMMENDATIONS 


The  key  to  Improved  performance  (viatts/lb.  or  watts/ft  .2) 
of  all  space  power  systems  Is  heat  source  temperature.  Since 
advancement  In  perfoz’mance  must  be  paced  by  the  availability  of 
the  materials  technology  required  for  hlgh-temperature  operation, 
our  progress  on  thermoelectric  elements  during  the  past  year, 
coupled  with  the  Inherent  reliability  of  thermoelectric  systems, 
now  leads  us  to  recommend  further  effort  In  the  following 
areas . 


_ FUNDAMENTAL  INVESTIGATIONS 


It  la  recommended  that  attempts  be  made  to  Identify  important 
solid-state  components  found  In  the  MCC  thermoelectric  materials 
after  their  fabrication  at  high  temperatures.  Attainment  of 
this  difficult  goal  could  appreciably  extend  the  state  of  the  art 
of  hlgh-temperature  thermoelectric  materials  and  lead  to  the 
establishment  of  meaningful  physical  models  of  these  unique 
materials . 


B.  FABRICATION  TECHNIQUES 


It  is  recommended  that  additional  effort  be  directed  to 
developing  further  Improvements  In  methods  for  measuring  R,  S, 
k,  and  p  to  1200 ®C.  Production  of  improved  thermoelementD  by 
means  of  hot-pressing,  isostatlc  hot-pressing  and  arc-plasma 
spraying  techniques  should  be  investigated.  Additionally, 
efforts  should  be  made  to  Improve  the  reproducibility  of  thermo¬ 
elements  to  be  used  In  thermoelectric  generators. 


C.  MATERIAL  CHARACTERISTICS 


Since  the  performance  of  thermoelectric  generators  Is 
liighly  dependent  upon  the  thermal  conductivity  of  the  thermo¬ 
electric  materials,  it  Is  recommended  that  further  attempts  be 
made  to  measure  this  property  up  to  1200 °C  in  a  vacuum. 
Additionally,  important  mechanical  properties  such  as  the 
elastic  modulus,  modulus  i-lgldity,  compressive  and  impact 
strengths,  expansion  coefficients,  and  density  should  be 
measured  to  permit  more  meaningful  mechanical  system  designs. 
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D.  COMPONENT  HESEARCH 
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It  is  recommended  that  studies  be  made  to  consider  maximum 
utilization  of  available  thermal  flux  area,  radiator  fin 
effectiveness,  element  electrical  interconnections,  and  thermal 
shunt  losses  of  high-temperature  thermoelectric  generators. 
Additionally,  it  would  be  helpful  to  determine  the  effect  of 
radiation  on  the  performance  of  the  four  MCC  materials  being 
investigated. 


E .  LABORATORY  MODEL 
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Since  meaningful  design  and  operating  data  can  be  more 
economically  obtained  using  5-10  watt  generators,  rather  than 
25-100  watt  units,  it  is  recommended  that  future  evaluation  of 
thermoelectric  elements,  modules  and  designs  be  confined  to 
small  generators.  Vibi-ation,  shock,  and  acceleration  tests  on 
representative  generators,  or  generator  sections,  should  be  made. 
Differences  in  the  cost  of  large  vs.  small  generators  should  be 
applied  to  laboratory  studies  of  various  tvpes  of  thermal  insula¬ 
tion  needed  to  minljnize  thermal  shunt  losses  in  space  power  units . 


E.  RADIOISOTOPE  SYSTEM  CONCEPTS 


Radioisotope  subsystem  concepts,  v;ith  respect  to  probable 
designs,  characteristics,  problem  areas,  and  methods  of  problem 
circumvention  should  be  studied  in  greater  detail,  taking  into 
account  the  latest  thermoelec  trie  properties.  Aduitionally , 
the  performance  of  such  systems  should  bs  made  on  the  basis  of 
projected  material  properties  and  mission  areas  of  interest  to 
the  Air  Force. 
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APPENDIX  I 


COMPUTER  PROGRAF4S  FOR  PARAMETER  STUDIES  OF  NUCLEAR 
REACTOR-THERMOELECTRIC  SPACE  POWER  GENERATION  SYSTEMS 


Three  programs  were  written  to  describe  nuclear  reactor-based 
thermoelectric  space  power  systems:  1)  an  out-of-pile  system, 

2)  an  in-pile  system  without  coolant  loop,  and  3)  an  in-pile 
system  with  coolant  loop.  The  code  names  for  these  three  compu¬ 
ter  programs  are  HORSE,  TIGER,  and  SV^IPT,  respectively.  In  each 
of  the  three  cases,  the  objective  was  to  mathematically  descrloe 
the  important  parameters  in  the  system  and  evaluate  the  total 
weight,  system  volume,  and  fuel  cost  for  a  given  set  of  para¬ 
meters.  The  main  components  in  each  system  were  the  reactor,  the 
reactor  shielding,  the  radiator-generator,  and  the  structural 
weight . 


I .  PROGRAM  HORSE  (High-Temperature,  Out-of-Pile,  R^eactor- 

Powered  System  for  Generation  of  Electricity 


Program  HORSE  was  written  to  describe  an  out-of-pile  thermoelec¬ 
tric  space  power  system  which  utilizes  a  fast  nuclear  reactor  as 
its  heat  source.  Coolant  circulating  through  the  reactor  core 
carries  heat  to  the  thermoelectric  elements  located  between  the 
reactor  shield  and  the  payload.  The  thejraoelectric  elements  are 
cooled  by  radiation  from  radiators  attached  to  their  cold  ends. 
Location  of  the  elements  away  from  the  reactor  prevents  them  from 
directly  affecting  the  reactor  design,  but  it  does  Introduce  the 
need  for  a  heat  transfer  loop. 


Program  HORSE  consists  of  the  following  parts: 


2. 

3. 

5. 
o . 

7. 

8. 


Executive 

Subroutine 

Subroutine 

Subroutine 

Subroutine 

Si’.broutine 

•Subroutine 

Subroutine 


Routine 

1 —  heat  transfer  in  reactor  core 

2 —  for  sizing  nuclear  reactor  core 

3 —  reactor  shielding  calculatiors 
^ — generator  calculation 

5 —  input  data 

6 —  thermoelectric  element  data 
Exit 
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The  subroutines  are  discussed  as  they  enter  into  the  program. 

Executive  Routine  Pew  calculations  are  carried  out  in 
the  E xe c ut 1 vs  T? ou t i ne .  Its  main  function  is  to  control  the  logic 
flow  of  the  program.  The  statements  describing  v/hat  output  is  to 
be  printed  and  the  form  in  which  it  is  to  be  printed  are  also 
located  in  the  Executive  Routine. 

Subroutine  6  The  first  subroutine  called  by  the  Execu¬ 
tive  Routine  is  Subroutine  6,  which  controls  the  reading  in  of 
the  thermoelectric  element  data  onto  a  scratch  tape.  This  data 
was  calculated  via  another  computer  program  and  the  results 
punched  onto  cards  for  use  as  input  data  to  program  HORSE.  The 
following  data  is  given  for  elements  of  various  diameters:  the 
computer  run  number,  the  thermal  efficiency,  the  power  per 
couple,  the  radiator  area  required  per  couple,  the  watts  per 
pound,  the  element  length,  and  the  radiator  temperature.  This 
data  is  read  into  the  computer  and  stored  until  actually  needed 
in  the  calculations.  The  number  of  cards  read  in  at  this  time 
may  number  in  the  hundreds.  Subroutine  Exit  erases  and  rewinds 
this  tape  after  the  data  has  been  used. 

Subroutine  5  After  the  thermoelectric  element  data  has 
been  read  in,  the  Executive  Routine  calls  Subroutine  5  to  read 
in  the  rest  of  the  input  data.  The  input  data  consists  of  the 
following: 

Fuel  density 

Fuel  atomic  weight 

Fuel  molecular  weight 

Critical  mass 

Cost  per  gram  of  fuel 

Fission  cross-section  of  fuel 

Absorption  cross-sections  of  fuel 

Thermal  expansion  coefficient 

Extrapolation  distance 

Reflector  savings 

Reflector  thickness 

Reflector  density 

Number  of  neutrons  emitted  per  fission 

Molecular  weight  of  tubing  material 

Tube  wall  thickness 

Tube  diameter 

Density  of  tub Ins  material 


UUiUlCWU'n^ffEaM 


Absorption  crcss-sseticn  of  tubing 
Density  of  gamma  shielding  material 
Density  of  neutron  shielding  material 
Density  of  shield  container  material 

Neutron  cross-section  of  neutron  and  gamma  absorbing  materials 
Gamma  cross-sections  of  the  neutron  and  gamma  absorbing 
materials 

Neutron  and  gamma  absorbing  properties  of  fuel 

Shield  container  thickness 

Allowable  neutron  dosage  to  payload 

Allowable  gamma  dosage  to  payload 

Coolant  density 

Coolant  thermal  conductivity 

Coolant  specific  heat 

Coolant  viscosity 

Coolant  molecular  weight 

Coolant  absorption  cross-section 

Log  mean  temperature  difference  between  coolant  and  reactor 
core 

Approximate  core  temperature 
Temperature  of  the  coolant  leaving  reactor 
Reactor  core  height 

Distance  between  payload  and  reactor  core 
Diameter  of  payload 
Fluid  velocity 

Watt  output  desired  from  system 
Length  of  time  system  is  to  operate 
Run  number. 

After  these  numbers  are  read,  the  calculations  are  begun  in  Sub¬ 
routine  1. 


Subroutine  1 


Using  the  assumed  values  of  fluid  velocity 


and  tube  inside  diameter,  the  weight  rate  of  flow  per  tube  is 
calculated. 


WTPLOW  *  1560  (CSATUB)  (FLDVEL)  (DNSCOL)  Eq. 

WTPLOW  =  weight  rate  of  coolant  flow,  Ibs/hr/tube 


CSATUB  =  inside  cross  sectional  area  of  tube, 
FLDVEL  =  fluid  velocity,  ft/see. 

DNSCOL  =  coolant  density,  gms/cc 


in' 
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als 


The  next  step  is  to  calculate  the  heat  transfer  coefficient 
side  the  core  based  upon  the  Seban-Shimazaki  equation  (Ref. 


HTTRCO 


(THKCOL) 

Ttubeid ) 


4.8  1-  0.030 


VTPLOW  X  SPHTci^^'® 
TUBEID  X  THKCOy 


in- 

3). 


Eq . 


HTTRCO  =  heat  transfer  coefficient,  Btu/hr/ft  /°P 
THKCOL  =  thermal  conductivity  of  coolant,  Btu/hr/ft/°P 
TUBEID  -  inside  diameter  of  coolant  tube,  inches 
SPHTCL  =  specific  heat  of  coolant,  3tu/lb/°P 


2 


The  heat  transfer  per  tube  is  then  calculated  using  equation  3- 

QPRTUB  =  (HTTRCO)  (PRAPTB)  (DELT)  Eq .  3 


QPRTUB  =  heat  transferred  per  tube,  3tu/hr/tube 
PRAPTB  =  peripheral  area  inside  tube,  ft. 2 
DELT  =  temperature  difference  between  coolant 
and  tube  wall, 

DELT  across  the  coolant  film  is  initally  assumed  to  be  300°F. 


Next,  the  temperature  increase  of  the  coolant  as  it  passed  through 
the  core  is  calculated  using  equation  4.  This  increase  is 

TEMPDR  =  QPRTUB/ (NTFLOW  x  SPHTCL)  Eq .  4 


TEMPDR  =  temperature  rise, 


,  assumed  to  be  equal  to  the  temperature  drop  as  the  coolant  passes 
through  the  generator.  All  of  this  heat  is  assumed  to  pass 
through  either  the  elements  or  the  insulation  surrounding  them. 

If  TEMPDR  exceeds  100°F,  DELT  is  lowered  and  QPRTUB  and  TEMPDR 
■  are  recalculated  until  TEMPDR  is  equal  to  or  less  than  100°F. 


The  total  electrical  output  required  is  calculated  next  in  equa¬ 
tion  5. 

TWATTE  =  WfkTTSE  +  WATTEC  +  WATTEP  Eq.  5 

TWATTE  =  total  power  generated  by  system,  watts 
WATTSE  =  electrical  output  of  system,  watts 
WATTEC  =  electrical  pov^rer  needed  for  reactor  control, 
watts 

WATTEP  =  electrical  power  needed  to  run  pump,  watts 
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Initially,  the  pump  power  is  assumed  to  be  zerO: 

Next,  the  total  reactor  heat  load  is  calculated  in  equation  6. 
TOHTLD  *  100  (TV/ATTE)/EPFGEN  Eq.  6 


TOHTLD  «  total  heat  load,  watts 
EPPQEN  *  generator  efficiency,  percent 

The  number  of  coolant  tubes  required  inside  the  reactor  core  is 
calculated  from  equation  7.  Since  the  number  of  tubes  used 

NUMTUB  *  3.^13  (TOHTLD/QPRTUB)  Eq.  7 


NUMTUB  =  number  of  tubes,  dimensionless 


must  be  an  Integer,  NUMTUB  is  rounded  off  to  the  next  highest 
integer. 


The  next  major  step  is  to  calculate  the  actual  amount  of  pump 
power  required.  To  do  this,  the  friction  factor  for  the  coolant 
tubes  is  first  calculated  using  equation  8. 


PF.\CT 


0.001^0  +  0.125 


~(2.^2)(VISC0L)(CSATUB)~] 
I12)'(TUBEID)  (WTFL0Wy  __ 


Eq.  8 


FPACT  *  friction  factor,  dimensionless 
VISCOL  *  coolant  viscosity,  centipoise 

The  pressure  drop  across  the  reactor  core  is  calculated  using 
equation  9<- 


PDROP  *  (6.0) 


i. 


275  X  10“^ (FPACT) (HEIGHT  +  15)  (WTFLOW)^ 


32.17  (TUBEID)  (CSATUB)  (DNSCOL) 


f 

Eq. 


PDROP  ®  pressure  drop  across  reactor  core,  psi 
HEIGHT  =  reactor  core  height,  cm 
DNSCOL  »  coolant  density,  gra/cc 

A  distance  of  15  cm  was  added  to  the  core  height  in  order  to  allow 
for  tubing  connections  to  the  core.  The  calculated  pressure  drop 
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v?as  multiplied  by  &  to 
of  the  coolant  system, 
lated  using  equation  10 


allov.'  for 
The  pump 


pressure  drop  through 
power  requir’emt?nt  was 


the  rest 
then  calcu- 


WATTEP  =  1 


356 


(PDROP) 


(CSATUB) 


(FLDVEL)  (MUMTUE)/E  FFPMP 


Ea 


1  o 

a.  w 


EPFPMP  =  pump  efficiency,  fraction 

The  pump  efficiency  used  in  the  initial  calculation  was  as¬ 

suming  the  use  of  a  DC  electromagnetic  pump.  These  pumps  are 
noted  for  their  simplicity  of  construction.,  minimu-m  insulation 
problems,  and  achievement  of  long  periods  of  operation  at  high 
■(1472°P)  temperature  (Ref.  2).  The  total  electrical  power  gener- 
■ated  is  then  recalculated  using  equation  5  and  compared  with  the 
iamount  previously  calculated.  The  program  recycles  through  equa- 
f;tions  5  through  10  until  successive  values  of  TWATTE  agree  within 
;one  percent. 


Subroutine  2  The  purpose  of  this  subroutine  is  to  size 
the  cylindrical  reactor  core  of  HORSE.  The  first  step  is  to  take 
the  spherical  critical  mass  of  the  fuel  and  modify  it  for  the 
/effects  of  thermal  exoansion  (Ea.  li)  and  control  allowances 
;(Eq.  12). 

DNSFS2  *  DNSPSl  /  [1  +  ALPHA  (TCORE-75)  J  Eq .  il 


DNSFSl  * 

density  of  fissionable  atoms 

at 

room 

temperature,  gm/cc 

DNSPS2  = 

density  of  fissionable  atom.s 

at 

oper- 

c.tlng  temperature,  gm/cc 

J 

ALPHA  = 

volu.metrlc  thermal  expansion 

coefficient 

TO ORE  » 

for  fuel,  cc/cc°F 
temperature  of  reactor  core. 

op 

DNSPS3  »  D.\"S?32  (i- ALLOW)  Eq.  12 


DNSPS3 

ALLOW 


density  of  fissionable  atoms  v;it.h  tempera¬ 
ture  and  control  allowances,  gm/cc 
control  allowance,  dimensionless 


The  control  alloivance  was  assumed  to  be  equivalent  to  a  ^ 
decrease  in  fuel  densitv. 


oercent 
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The  next  major  step  is  to  calculate  the  effect  of  coolant  tube 
uilution  on  the  fissionable  atom  density.  The  volume  of  the 
spherical  critical  mass  undiluted  for  effects  of  thermal  expan¬ 
sion  or  control  allowance  is  calculated  using  equation  13* 

VOLSPH  «  CTMASS/DNSPUL  Eq .  13 

VOLSPK  *  volume  of  the  undiluted  mass,  cc 
CTMASS  «  critical  mass  of  fuel,  grams 
DNSPUL  =  density  of  the  fuel  at  room  temperature, 
grams/ cc 


The  relationship  between  critical  masses  and  densities  of  fission- 
abel  atoms  is  shown  in  equation  1^  where  it  is  indicated  that  the 
critical  mass  is  inversely  proportional  to  tne  density  of  the 
fissionable  atoms  squared. 


CHASS^  /DNSFL^N  ^ 

CMASS^  V^DNSFLp J 


CMASS^  2  ~  critical  masses  of  fissionable  atoms,  gms 

DNSFL^  2  ~  densities  of  fissionable  atoms,  gm/cc 

Since  mass  is  equal  to  volume  x  density,  equation  IM  can  be  modi¬ 
fied  to  equation  15  v/here  the  quantities  VOLDIL  minus  TUBVOL  and 
VOLDIL  are  proportional  to  the  fissionable  atom  densities. 

-mrcnu  /VOLDIL-TUBVOL^^  r-,  ic 

VOjlDIL  =  /OLSPH  ( - VOLDTL - / 

VOLDIL  =  diluted  critical  volume,  em^ 

TUBVOL  =  volume  of  tube,  cm3 

The  volume  of  the  tubing  is  calculated  using  equation  l6. 

TUBVOL  =  ^  [(TUBDIA)^  (HEIGHT)  (NUFiTUB?)  Eq ,  l6 

TUBDIA  =  tube  diameter,  cm 
HEIGHT  =  core  height,  cm 

NUMTU5  =  number  of  tubes  in  core,  dimensionless 


26^1 


Tile  luo*--.  .-tin  !■ 
iieut  rot''S  . 


,  wv  ♦-  v>.-  ■  -  • 


f  ;  . .  nil-  '•  f  •_  (’  .iDj  .  I'l 


Having/  laleulated  T'TiVuI,  anJ  7:)LL : .  ,  etie  'ar:  Tnen  aiifu'ate  tiie 
density  of  the  react.,  r  core  u  Muted  ty  therr-^  ;  ''"xrans  ’  on ,  cc.n- 
troj  al  j  ov/ance ,  and  .Inclusion  ol‘  t-ooiant-  tuheo  noirt:;  equation  i(. 

/  1  \ 

DILDKS  =  DMSFS3  (1  -  -—vVf"  )  Sc.  1 7 

\  v  ULi^  ii.iV 


DILDNS  =  density  ci‘  diluted  cere,  tons/cc 


The  critical  mass  of  ""he  d.Muted  core  can  be  calculated  usln.'-; 
enuation  IP. 


ctmsd;.  =  CTMASS  fETmi  ) 

CTMSDL  =  critical  inass  of  diluteu  core,  ,-"’'.s/cc 
CTMA33  =  critical  mass  of  core  undiluted,  i^ir.s-'cc 

Next,  the  critical  radius  of  *:he  diluted  sphere  is  caiculatec 
using  equation  19. 


CTRAD 


TI 


VOLDIL  X  3^ 


CTRAD  =  critical  radius  of  dil.uted  sphere,  ems 

CTRAD  is  used  to  calculate  the  buckling  for  the  fue.  material 
using  equation  20. 

tboSPh  =  (^CMRAlT'+niEToXT^  ■'" 

EUCePH  ^  buckling'  '^’or  i-aterlai, 

=  pY^  r'»r  '  jr.i  •  '•»'  nis'^a!  c'’‘-s 

DSLS.^V  =  ref  lector  r  .v'inr-,,  cr*? 

2  19 

The  ex’: ''ape'J  at  ion  -ilstarr’es  u.jcd  wert?  :  . cm  •  >.  ru  C,  i,  ■; 


En.  20 


r.  .7  C  '  -  ■  ' 

: or  0  ana  c 

or-  He  are  ilc’-^d 


.ne  re  '  1'  vjt  .r 


'P.  ^  . 


Reflector- 
Thickness  , 
cms 

Reflector 

PuC 

Savings , 

^  ^ 

cms 

u235 

0 

0 

0 

0 

2 

1.2 

1.4 

1.8 

5 

2.1 

2.4 

3.0 

10 

2.7 

3.3 

4.5 

The  next  step  is  to  calculate  the  radius  of  the  cylindrical  reac¬ 
tor  core  using  equations  21  and  22. 


B, 


Bj,-  •  BOOSPH  Eq.  21 

( _ 2.H05  Y  ^  ( _ 

\CYLRAD  +  DELEXT  +  DELSA^  VHEIGHT  + 


2  DELEXT  +  2  D 
Eq.  22 


-2 


2  -2 
*  material  buckling,  cm 

Bq  »  geometrical  buckling,  cm 

CYLRAD  =  radius  of  cylindrical  reactor  core,  cm 

The  volume  of  fuel  material  is  calculated  from  equation  23. 

2 


PULVOL  *  ir  (CYLRAD)^  (HEIGHT)  -  TUBVOL 
FULVOL  =  volume  of  the  fuel,  cc 


Eq.  23 


The  weight  of  the  fissionable  atoms  is  ""hen  calculated  from  equa¬ 
tion  2^,  and  the  weight  of  the  fuel  is  calculated  by  equation  25 

WTPISS  *  (PISVOL)  (DNSPS3)  Eq.  2H 

WTPiSS  =  weight  of  fissionable  atoms,  gms 

WTPUEL  *  WTPISS  (FMOLWT/FATMWT)  Eq.  25 

WTPUEL  *  weight  of  fuel,  grams 

PMOLWT  =*  molecular  weight  of  fuel 

PATMWT  »  atomic  weight  of  fissionable  atoms 
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Reactor  core  weis^^t .  including  rf»rieotor  weight, 
rron  equation  26. 


CXO.  U  O.  CL  1/ CU 


WTCORE  =  WTPUEL  +  [  tt  (CYLRAD  +  REFTHK)^  *  (HEIGHT  ^■ 

2»REPTK.K)  -  (FISVOL  +  TUBVOL  (HEIGHT  +  2  REFTHK)/ 
HEIGHT)]  REPDNS 

Eq.  26 

REFTHK  =  reflector  thickness,  cm 
REFDNS  =  density  of  reflector  material,  gms/cc 
WTCORE  =  gross  \velght  of  core,  grams 

;.WTCORE  is  converted  to  pounds;  100  pounds  is  added  as  allowance 
?for  reactor  controls. 

i  Subroutine  3  Having  calculated  the  coolant  tubes  needed 
[in  the  reactor  core,  the  amount  of  shielding  is  next  calculated. 

;; Payload  was  assumed  to  be  an  Instrument  payload  with  transistors 
liable  to  withstand  radiation  levels  of  10(  Rad  carbon  of  gamma 

radiation  and  10^^  neutrons/sq  cm  over  their  lifetime.  Payload 
'has  a  3-ft.  diameter  and  is  located  15  plus  feet  from  the  nearest 
point  of  the  reactor  core.  Attenuation  of  gamma  radiation  occurs 
jby  the  Inverse  square  law  with  distance  and  by  absorption.  Ab- 
Uorption  within  t.ne  core  and  materials  between  payload  and  core 
Jwas  usually  enough  to  absorb  almost  all  gamma  radiation,  so  that 
ithe  gamma  shielding  usually  was  net  heavy.  In  contradistinction, 
Ineutron  shielding  was  heavy,  where  lithium  hydride  encased  In 
•stainless  steel  containers  0.109  inches  thick  was  used.  When 

i  gamma  shielding  was  needed,  deoleted  uranium  was  used. 

! 

I 

The  first  step  in  calculating  shielding  requirements  is  to  calcu¬ 
late  the  numbers  of  atoms  of  various  types  present  in  the  reactor 
core  in  atoms /cc.  Volume  of  the  fissionable  part  of  the  core  is 
calculated  by  equation  27- 

CORVOL  =  IT  (CYLRAD)^  (HEIGHT)  Eq.  27 

CORVOL  =  volume  of  reactor  core,  cm 

The  atoms/cc  of  fissionable  material  are  then  calculated  from 
equation  28. 
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APCCFS  »  WTPISS  X  6.02  x  10^^/(FATMWT  x  CORVOL)  Eg.  28 

APCCFS  ■  atoms  of  fissionable  materials  per  cc 

The  volume  of  tubing  material  in  the  core  is  calculated  from 
equation  29. 

VTUBWL  «  ir/i|  (TUBEOD^  -  TUBEID^)  (HEIGHT)  (NUMTUB)  Eq .  29 

VTUBWL  ■  volume  of  tubing  atoms,  cm^ 

The  average  number  of  tubing  atoms/cc  of  core  volume  is  calculated 
from  equation  30. 

APCCTB  -  VTUBWL  x  DNSTUB  x  6.02  x  lO^VCTMOLWT  x  CORVOL)  Eq.  30 

APCCTB  »  atoms  of  tubing  material,  cc 
TMOLWT  «  molecular  weight  of  tubing 
DNSTUB  »  density  of  tubing  material,  gm/cc 

For  the  initial  calculations  on  HORSE,  molybdenum  tubing  with  a 
specific  gravity  of  10.2  grams/cc  and  a  molecular  weight  of  95.95 
was  assumed. 

Next,  the  volume  of  coolant  in  the  core  Is  calculated  from 
equation  31. 

VOLCOL  »  yi/U  (TUBEID)^  (HEIGHT)  (NUMTUB)  Eq .  31 

•a 

VOLCOL  ■  volume  of  coolant,  cm-^ 

The  atoms  of  coolant  per  cu  cm  of  the  reactor  core  are  calcu¬ 
lated  from  equation  32. 

APCCCL  »  VOLCOL  x  DNSCOL  x  6.02  x  10^V(CMOLWT  x  CORVOL)  Eq .  32 

APCCCL  •  atoms  of  coolant  per  cc  of  core  volume 
DNSCOL  »  density  of  coolant,  grams/cc 
CMOLWT  ■  coolant  molecular  weight 

In  the  Initial  calculations  liquid  lithium  was  used  as  the  coolant. 

Next,  the  macroscopic  neutron  capture  cross-sections  were  calcu¬ 
lated  for  the  fuel,  coolant,  and  the  tubing  material  using 
equation  33. 
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SjMAFS 


.  ^ 


X  PCRS  X 


Eq.  33 


.  29 

lated 

iq.  30 


SGMAPS  = 

macroscopic  fission  cr 

oss-section  of 

fissionable  atoms,  cm” 

1 

APCCFS  = 

fissionable  atoms/cc 

FCRS 

fission  cross-section. 

barns 

infinite 

multiplication  factor 

for  neutrons  was 

lated  from  eauation  3-^. 


FINPMT  = 


:SN£U  X 


S3MAFS 


(SOMAFS  +  SGMAFl  +  SGMAF?  +  SGMATC  +  SGMACC) 


Zq.  3^ 


PINF^IT 
FISNEU 
SGMAFl  and  SG-'A?2 

SGMATC 


a 

.95 


infinite  multiplication  factor,  dimensionless 
average  number  of  neutrons  emitted  per  fission 
=  neutron  capture  cross-section  of 

fuel  ana  fuel  anion,  cm 
neutron  capture  cross-section  of  tubing 


material,  cm  “ 

SGMACC  =  neutroiu  capture  cross-sect  ion  of  coolant,  cm 


-1 


The  average  number 
is  equal  to  2.65,  fo: 


5q.  31 


fission  neutrons  per  fission  for  uranium  233 
uranium  ?3^  ~  2.52,  for  plutonium  =  2-98. 
Since  an  average  of  l.G  neutrons  oer  fission  is  needed  to  cause 
other  atoms  to  fission  and  sustain  tne  chain  reaction,  the  excess 
neutrons  which  must  be  shielded  against  are  calculated  by  taking 
the  number  of  fissions  which  occur  per  second  and  multiplying  this 
by  the  infinite  multiolication  faster  mirus  1  as  in  eauation  35. 


TNUSEC  =  (FIMFMT  -  l.G'  ^FISSFG 


^q' 


TNUSEC  =  total  neutrons  oer  sec  to  be  shielded  against 
FISSEC  =  fissions 


.  m  »  jL  ^  ‘  -  —  - 


Since  3-3  x  10"'"  f issicns,^3ec  are  required  in  order  to  yield  one 
thermal  watt,  the  total  numcer  of  fissicnc  taking  place  per  second 


lant 

u- 


can  be  calculated  from  equati:n  qt- 
FISSEC  =  3.3  X  :TC:-u:.D) 

TOHTLD  =  total  heat  lead, 
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The  total  number  of  neutrons  given  off  during  the  mission  life¬ 
time  Is  calculated  from  equation  37. 

TNUMIS  »  3600  X  TNUSEC  x  TIME  Eq .  37 

TNUMIS  «  total  number  of  neutrons  given  off  during 
rne  mission  lifetime 
TIME  »  mission  lifetime,  hours 

The  amount  of  neutron  attenuation  required  for  shielding  is  cal¬ 
culated  from  equation  38. 

ATTNEU  =  (DISTCP)^  (DOSEN) /TNUMIS  Eq.  38 

ATTNEU  *  required  neutron  attenuation 

DISTCP  »  distance  between  core  and  instrument  payload,  cm 
DOSEN  »  allowable  total  number  of  neutrons  per 
2 

cm  which  the  payload  can  tolerate  over  Its 
lifetime 

Neutron  cross-sections  used  in  the  above  calculations  were  read 
at  3  MEV.  The  gamma  rays  emitted  were  also  assumed  to  all  be  at 
3  MEV.  An  average  of  5.67  of  these  gamma  rays  was  assumed  to  be 
emitted  per  fission.  See  equation  39. 

TGMSEC  -  5.67  x  FISSEC  Eq .  39 

TGMSEC  ■  total  gamm.a  rays  emitted  per  second 

The  total  amount  of  gamma  rays  emitted  per  mission  is  calculated 
using  equation  ^0. 

TGAMIS  »  3600  X  TGMSEC  x  TIME  Eq .  40 

TGAMIS  *  total  number  of  gamma  rays  em.ltted  per  mission 

The  necessary  gamma  attenuation  is  then  calculated  from  equation 
41, 

ATTGAM  =  4ir  (DISTCP)^  (.^08  x  lo”^  DOSEG  )/TaAMIS  Eq .  4l 

ATTGAM  »  required  gamma  attenuation 

DOSEG  »  allowable  gamma  ray  dose  at  payload. 

Rad  carbon 


270 


37 
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Next,  the  thickness  of  gamma  shielding  matera.ai  is  calculated 
using  equation  '42, 

TSHLDG  =  pSNLIHdn  .qTTGAM)  -  GCSLIHCln  ATTNEU)  + 

I  8  8 

'CONTHK  X  (GCRSSS  x  CSk’LIH  -  GCSLIH  x  CSNS3)  + 

PISVOL. 


CSNLIH  X  GCSFUL  x  “JSU  x 


HEIGH'] 


BNSFSi  "  pi: 


;VOL  +  TuBVOL 


38 

TSHLDG 

CSNLIH 

i,  cm 

CONTHK 

GCRSSS 

CSNSS 

A 

3.t 

GCSLIH 

ce 

4  CGCSLIH  X  CSNBPU  -  GCSDPl-  x  CSMLIH) 

Ea.  '-^2 


gamma  shield  thickness,  cm 

neutron  removal  cross-section  for  lithium 

hydride, 

container  thickness,  cm 

gamma  removal  cross-section  for  stainless 
steel  container,  cmr* 

neutron  removal  cross-section  for  con¬ 
tainer, 

gamma  removal  cross-section  for  lithium 
hydride, 


39 

-d 

AO 

Lon 

)n 

A1 


Next,  the  neutron  shield  thickness  is  calculated  from  equation  A3. 

TSHLDN  =  -  (In^  ATTNEU  +  CSNDPU  x  TSHLDG  +  CSNSS  x  CONTHK)  ^ 
CSiNLIK  Eq.  A3 

TSHLDN  =  thickness  of  neutron  shielding  material,  cm 

Having  established  the  thicknesses  of  the  neutron  and  gamma  shield- 
ing  materials,  the  next  step  is  to  establish  their  diameters.  The 
L’uations  below  assume  that  the  reactor  core  diameter  is  smaller 
than  the  payload  dia,meter,  that  the  gamma  shielding  material  is 
adjacent  to  the  core,  and  that  the  neutron  shielding  material  is 
between  the  gamma  shielding  material  and  the  payload. 

An  extrapolation  distance  is  calculated  to  aid  in  sizing  the  dia¬ 
meters  of  the  shadow  shields.  See  eauatiot;  AA. 
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EXDI3T 


2  X  CYLRAD  (HEIGHT  >  PI STOP) 
(PAYDIA  -  2  CYLRAD) 


Eq.  i44 


EXDIST  »  extrapolation  distance,  cm 
PAYDIA  »  payload  diameter,  cm 

The  diameter  of  the  gamma  shadow  shield  adjacent  to  the  reactor 
core  (DSHLDl)  is  found  from  equation  45. 

DSHLDl  -  2 (CYLRAD)  (EXDIST  +  HEIGHT )/EXDIST  Eq.  45 

The  other  diameter  of  the  frustrum  of  the  cone  forming  the  gamma 
shadow  shield  (DSHLD2)  Is  found  from  equation  46. 

DSHLD2  -  2  (CYLRAD)  (EXDIST  +  HEIGHT  +  TSHLDG)  ♦  EXDIST 

Eq.  46 


The  smaller  diameter  of  the  neutron  shadow  shield  is  assumed 
equal  to  the  larger  diameter  of  the  gamma  shadow  shield.  The 
larger  diameter  of  the  neutron  gamma  shield  (DSHLD3)  has  been 
calculated  from  equation  47. 

DSHLD3  »  2(CYLRAD)  (EXDIST  +  HEIGHT  +  TSHLDG  +  TSHLDN)  + 

EXDIST  Eq.  4? 

The  weight  of  the  gamma  shadow  shield  is  then  calculated  from 
equation  48. 

WTGMSD  -  ir/12  (DNSKDG)  [(DSHLD2)^  (EXDIST  +  HEIGHT  + 

TSHLDG)  -  (DSHLDl)^  (EXDIST  +  HEIGHT)]  Eq.  48 


The  weight  of  the  neutron  shadow  shield  Is  calculated  from 
equation  49. 

WTNTSD  «  ir/12  (DNSHDN)  [(DSHLD3)^  (EXDIST  +  HEIGHT  + 

TSHLDG  +  TSHLDN)  -  (DSHLD2)^  (EXDIST  +  HEIGHT 
+  TSHLDG)]  _ 


^9 


WTNTSD  ■  point  of  neutron  shield,  gms 


q. 


tor 

q.  ^5 
amma 

ST 

q .  ^6 
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n 

q.  ^7 
m 

b.  48 

,  49 


The  V7eight  of  the  neutron  shield  material  container  has  been 
calculated  from  equation  50. 


WTSHCR  =  Ti/k  (DMSCON)  (COMTHK) 

2(DSHLD2  +  DSKLD3)  x  [('TSHLDN)^  + 
^DSHLD3  -  DSKLD2^  2^  0.50 


(DSHLD2)^  +  (DSKLD3)~  + 


Eq  . 


c:  n 


WTSHCR  =  weight  of  shield  container  material,  gm.s 


Subroutine  4:  -Generator  Calculations  The  total  radia¬ 
tor  area  required  for  the  thermoelectric  elements  is  calculated 
fro.m  equation  51. 


TOTSFA 


TWATTE  X 


RAPCPL/PWRCPL 


TOTSFA 

TWATTE 

RAPCPL 

PWHCPL 


2 

total  surface  area,  cm 
total  watts  output 
radiator  area  per  couple,  cm: 
power  per  couple,  watts 


iiu .  5 1 


The  total  generator  length  necessary  to  provide  this  area  has 
been  calculated  from  equation  52. 


TONLGT  =  r,  ,(?,X  TOTSFA) 


(PAYDIA  -  DSHLD3) 
2 


./2 


\v  (DIAPAY  DSHLD3)‘' 

Eq.  52 

The  generator  weight  is  then  calculated  from  equation  53. 

GHNWT  =  TWATTE/WATPL5  Ea .  53 


GENWT  =  generator  weight,  pounds 
TWATTE  =  total  v/atts  required 
WATPLB  =  watts  per  pound 


If  the  generator  length  required,  TGNLGT,  is  greater  than  the 
15  feet  minus  the  shielding  thicknesses  v^rich  are  allowed,  then 
this  allowance  must  be  increased.  This  is  done  in  the  Executive 
Routine,  and  the  calculations  in  Subroutines  3  and  4  are  then 


© 


I 

-ir 


Finally,  the  Execu 
been  oal'Julated* 


adeQuate  ajlowance  is  laaue  lOi*  Lnxs  length# 
tlve  Routine  prints  out  the  answers  which  have 


The  average  running  time  is  1.8  seconds  per  case. 
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The  Tl  ;:iR  type  ol'  the: 
consists  of  .1  r-eactor*  . .  r- 
direotly  attached,.,  rec:ci  n 
electric  elen.ents  r.-,  cia'.  e  r.t 
reactor.  Tr.is  ccr.cep’  -a.  r 
are  needed,  tut  it  is 
placed  on  the  surfa-ce  :f  th- 


11"’  c  sociCw  rc'*A0i'‘  T’<^  1. 1  or.  'r^r. 

*  ’o  *1  o  •'<r 

-  wij±_..  Vm'sT.ctvca  ciu.*r 

^t.ti'iL:ig,  arid  structure.  The  tnernc- 
at  :r:.n  'he  end'  net  attacnec  to  the 
'jiXir.ur:.  si:ty_icity,  since  r. .  fluid  iceps 
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Routine  TIGER  consists  c 
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Executi'/e  Routine 
Subroutine  1  -  generate r 


/"I  r<  ' 

\JL  d<w  < 

-  th- 


Subroutine 
Subroutine 
Subroutine 
Subroutine 
Subroutine  Exit 
Function 
Function 
Function 
Function 


-  shle-dir.u 

-  mis  cel  ran 
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Executive  Routine 


The  Executive  .R-outi'ie  ails  the  subr 


in  proper  order  and  specifie 
also  controls  the  logic  flow 


s  wnat  aa-a 


be  printed 


ne 


Subroutine  b 


Subroutine  6,  the  first  subroutine  called 


oy 


data  cards  tha- 


Executive  Routine,  directs  the  cc:nputer  :  c  read 
describe  the  therrioeleci ric  element.t  t:  te  used  in  the  sucsequen- 


:ulations.  The  informati-on 


;n 


;acn  cara  j  s 


:w: 


Run  nu.mber 

Therma]  efficiency,  percent 
Power  ol 


iS  >■> 


couple  y 
Radiator  area  required  per 
Watts  obtained  per  lb 
Element  length,  cm 
Radiator  temperature,  "K 


watt 
coup . 


This  information  is  generated  and  punched  into  cards 
program.  The  information  is  stored  on  a  scratch  tape 
calculation.  Subroutine  Exit  clear; 


:he  s crater.  : 
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SuDroutlne  ^4  l^e  next  subroatine  called  is  Subroutine 
which  controls  the  data  input  fcr  TIGER.  The  following  reactor 
and  systems  parameters  are  read  in  Subroutine 


Distance  between  payload  and  reactor  core,  ft 

Payload  diameter,  ft 

Density  of  the  fuel,  gm/cc 

Atomic  weight  of  fuel 

Molecular  weight  of  fuel 

Thermal  expansion  coefficient,  cc/cc°C 

Approximate  core  temperature,  °C 

Control  allowance,  dimensionless 

Spherical  critical  mass  of  fuel,  gms 

Extrapolation  distance,  cm 

Reflector  savings,  cm 

System  electrical  output,  watts 

Power  needed  to  control  the  reactor,  watts 

Fuel  costs  in  dollars/gram 

Fuel  fission  cross-section,  barns 

Fuel  absorpticn  cross-sections  for  neutrons,  barns 
Density  of  gamma  shielding  material,  gm/cc 
Neutron  emitted  per  fission,  dimension! ess 
Mission  length,  hours 

Allowable  neutron  dose  to  payload,  neurrons/cm^ 

Allowable  gamma  ray  dose  to  payload.  Rad  carbon 
Neutron  and  gamma  ray  absorption  coefficient  for  neutron 
absorbing  material,  cm“’ 

Neutron  shielding  material  container  thickness,  in 
Neutron  ana  gamma  absorption  coefficients  of  neutron  container 
material,  cm"^ 

Garmma  absorption  coefficient  of  fuel,  crrr  * 

Neutron  and  gamma  absorption  coefficients  for  gairmia  ray 
absorption  material,  cm*-^ 

Density  of  container  for  neutron  absorbing  material,  gmi/cc 
Density  of  neutron  absorbing  material,  gm/cc 
Core  height,  ft 
Run  numtor. 


S 


This  subrcurine  selects  the  first  set  of 
meters  ,  calculates  the  system  properties 
electric  data  cards,  and  then  selects  the 


reactor  and  system,  par 
for  each  of  the  therm 
next  set  of  reactor  and 


system  properties. 


o 


me  ^  ’".eylnu!'.  :  re  :.*  ■:  I'  :.  z:.li:i 

rlgh'  eir-.^iar  cylindrical  reactm  cere  is  ass^r-m^  Eased  upon 
this  core  height  ana  th  ^','=‘>-:nal  expansion  and  .  'nti*ol  allowances, 
tne  tackling  of  tne  fuel  r.aterial  is  calculated  as  described  under 
Subroutine  1  of  ‘1  cSE.  A  cere  outside  radius  is  thfm  calculated 
using  equation  . 


BUeSPH  = 


(  RADCYl 


+  DELSAV/ 


uir  1 

nic  j.  j  j 


+  O  '  PTTT 

»  C.  V  -  ^  w  A  -C 

+  fiDELSA*^ 


RADCYL  = 


'ELEXT 


bucKling  of  fuel  rr.aterjal,  cci-^ 
radius  of  cylindrical  core,  en 
core  height ,  cr, 

core  extrapolation  dist a. nee,  cPi 
ss.v'^r'^s  cr^ 


The  core  surface  area  is  then  calculated  frer.  eouation 


RADARA  =  KRADCYL  +  ELL3TH 1  IHEISHT } 


DQ  ,  c' 


RADARA  =  radiator  area,  cr.2 
EDLGTH  =  element  length,  cn 


The  electrical  output  required  is  the  suit,  of  the  output  frer. 
systsr.  plus  the  power  needed  to  control  the  reactor  (see 
euuaticn  3'* 


TWAfTE  -  TATOIJT  +  lATC '  T 


TEATIE  -  tots;:  electrical  watts  prcducted  by 
syster. 

V.’ATOUT  =  electrical  output  of  syster.,  v;atts 
V.IATCO;.'  =  electi’ica;  power  needed  to  control 
reactor,  watts 


usintt  eauaticn  . 


.  c-  u  j  a  0  e  •: 


RADDFA  =  '  T1ATT2  ;  ,  RA?:?-. 


F.  A 1'  S  f  A  =  r  e  0  u  i  r  c  o 
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PX'FCr 


s:  n  C  ^ 


-LJ  -  UK. 


)up*e ,  w 


■i i  ihe  aVEilable  radiator  area  (RADARA)  is  equal  or  greater 
thar;  the  required  surface  area  (RADSFA),  this  core  sizing  Is 
used.  If  not,  then  it  is  assumed  that  an  annular-shaped, 
syi-indrical  reactor  core  will  be  used  in  order  to  Increase  the 
available  surface  area.  The  outer  radius  of  the  core  is  cal¬ 
culated  by  using  the  assumed  core  height  in  equation  5. 


OUTRAD  = 


RADSFA 
n  (HEIGHT) 


-  ELLGTH 


The  basic  equations  used  to  calculate  the  dimensions  of  annular 
reactor  cores  were  taken  from  the  report  by  Schuske  and  Bidlnger 
(Ref.  1)  and  are  listed  oelow  as  equations  6  and  7. 

+  C  Y^(BRi)  «  0  Eq 

J  (BR^)  +  C  Y^{BK2)  -  0  Eq 

^2  “  inner  radius  of  core,  cm 

Ri  =  outer  radius  of  core  including  extrapolation 
distance  plus  reflector  savings,  cm 

E  =  square  root  of  the  material  buckling,  cm-* 

C  =  a  constant 

J  =  Bessel  function  of  first  kind,  zero  order 
°  (BESZRO) 

=  Bessel  function  of  first  kind,  first  order 
"  (BESl) 

Y  *  Bessel  function  of  second  kind,  zero  order 

(YZERO) 

Y-,  =  Bessel  function  of  second  kind,  first  order 
^  (YONE) 

■■■quat ioris  6  ana  7  were  derived  by  assuming  the  neutron  flux 
equal  to  zero  at  the  extrapolated  outer  radius,  and  the  neutron 
current  equal  to  zero  at  the  inner  radius. 
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*11*’  .  vPGi'-’l  lunnioa.i  .ore  ciJculated  as  separate  functions  in 
the-  prv^ram.  'Ihe  euuations  for  the  four  Bessei  functions  used 
are  iior. ei  belov;  as  oauatlons  S-11. 


>•'  ‘v  X 


(;-)  '^(2)  (22)(f,2)(i;2) 


Eq.  8 
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8  )  (  2^t ) 


Eq.  9 


Y  ^  X  ^  ii  A  O 

J  (x)  in  X  +  — - - ^ ^ - 

(22)  (22)(ii)2  ,22)(/|2)(62) 


vjhere  =  1  +  1/2  +  1/3  + 


,  X  y  = 


[  J^(x)  In  I 


k  =  0 


(~1)^ 

(2)^^"^^  (kh(^+i)! 


Eq.  lu 


Eq .  11 


[  -lii  (k+1)  +  iJ'(k)  ] 


■  iN'here  it  (k)  =  0.^7722  +  1  +  1/2  +  1/3  .  +  ^ 

( 

i 

Using  the  material  buckling  and  the  calculated  reactor  outer 
radius  in  equation  6,  the  constant  C  is  calculated,  and  then  the 
reactor  buckling  and  C  are  used  In  equation  7  to  solve  for  the 
inner  core  radius.  Once  the  inner  radius,  outer  radius,  and 
height  of  the  core  are  known,  the  weight  of  the  fuel  can  be  cal¬ 
culated  using  equation  12. 


FOELWT  =  TT  (  )L;tRAD2  -  COHEIR^)  (HEIGHT)  DNSFS3) 


Eq.  12 


■JUTRAD  =  the  outer  radius  of  the  core,  cm 

COREIR  =  core  inner  radius,  cm 

FUELWT  =  v/eight  of  fissionable  atoms,  gms 


The  weight  of  the  reaL-tor  core  Is  calculated  from  equation  13* 


I 


COREWT  »  FUELWT  ( PMOLWT/FATMWT ) 


Eq 


COREWT  ■  weight  of  core,  gms 


The  fuel  coat  is  calculated  from  equation  14. 

PULCST  »  (FUELWT)  (C ST PGM) 

FULCST  »  cost  of  fuel,  dollars 
CSTPGM  *  cost  of  fuel,  $  per  gram 

Finally,  the  weight  of  the  radiator  and  of  the  generator  elements 
is  calculated  with  equation  15. 

WTRDGN  «  TWATTE/WATPLB 

WTRDGN  *  weight  of  radiator  and  generator,  lbs 
VATPLB  ■  specific  power  of  radiator-generator, 
watts/lb 


Subroutine  2  Shielding  Calculations  Subroutine  2  is  very 
similar  to  the  shielding  subroutine  in  HORSE.  The  equations 
are  virtually  Identical  with  the  exception  that  the  allowance 
for  self-shielding  of  the  core  from  the  gamma  rays  generated 
within  it  Is  only  equal  to  the  core  height  divided  by  four, 
rather  than  the  core  height  divided  by  two  for  cases  where  the 
reactor  has  an  internal  annulus. 


Subroutine  3  Miscellaneous  Calculations  In  Subroutine  3 
miscellaneous  calculations  are  done;  the  core  weight  is  con¬ 
verted  to  pounds,  and  the  weight  of  the  reactor  is  specified 
by  adding  100  lbs  miscellaneous  equipment.  See  equation  16. 

WTREAC  -  COREWT  -♦•100 

WTREAC  ■  weight  of  reactor:,  pounds 
COREWT  ■  weight  of  reactor  core,  pounds 


The  weight  of  the  structure  is  found  from  equation  17. 


WTSTRT 


0.10 


(distcp: 

15 


(WTREAC  WTRDGN  WTSHLD) 


Eq 


Eq 


WTSTRT  ■  weight  of  structure,  pounds 

DISTCP  ■  distance  between  reactor  core  and  paylod,ft 

WTSHLD  ■  total  weight  of  shielding,  pounds 
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The  overall  system  performance  in  pounds/KW  is  calculated  in 
equation  18. 

PDSPKW  =  1000  (WTREAC  +  WTSHLD  +  WTSTBT  +  V/TRDGN/WATOUT  Eq .  1 

PDSPKW  =  system  performance*  pounds/KW 

The  following  infoi’mation  is  printed  out  on  a  summary  sheet 
for  each  run: 


Run  numbers  for  the  system  properties  and  for  the  thermo¬ 
electric  properties 
Watts/lb  for  the  system 
Watt  output  of  the  system 
Core  height,  cm 
Core  diameter,  cm 
Thermoelectric  element  length,  cm 
Distance  between  core  and  payload,  cm 
Core  weight.,  pounds 
System  performance,  pounds/KW 
Total  shield  weight,  pounds 

Efficiency  of  thermoelectric  elements,  percent 
Fuel  weight,  gms 
Fuel  cost,  dollars 
Reactor  weight,  pounds 

Co] d-j unction  temperature  of  radiator,  °K 

The  following  informat io.-'  calculated  In  Subroutine  1  is  printed 
out : 


Run  numbers 

Fuel  density  -  cold 

Fuel  density  after  thermal  expansion 

Fuel  density  after  thermal  expansion  and  with  control  allowance 
Critical  mass  of  the  sphere  with  these  allowances,  gm 
Critical  radius  of  spherical  mass,  cm 
Buckling  for  sphere,  cm~‘ 

Contribution  of  height  of  cylinder  to  buckling,  cm“^ 

Cylinder  radius,  cm 
Cor?  outside  diameter,  cm 
Radiator  diameter,  cm 

Available  radiator  area  on  solid  core,  cm^ 

Total  electr-ioal  output  of  system,  watts 
Required  surface  area,  cm^ 

Buckling  of  cyllnar-lca!  core  In  radial  direction,  cm*' 


C8i 


Core  inner  radius,  cm 

Quantities  BRj,  BR2,  from  the  solution  of  the  Bessel  equations 

Core  weight,  gms 

Radiator-generator  weight,  lbs 

Fuel  weight,  gms 

Fuel  cost,  $ 


The  information  printed  out  from  Subroutine  2  includes: 

Number  of  atoms  per  cc  of  fuel  inside  the  reactor  core 
Macroscopic  cross-sections  of  the  fuel  for  fission  and 
neutron  absorption,  barns 
Infinite  multiplication  factor 
Fissions  per  sound 
Total  neutrons  emitted  per  second 
Total  neutrons  emitted  per  mission 
Required  neutron  attenuation 
Gamma  rays  emitted  per  second 
Total  gamiTia  rays  emitted  per  mission 
Necessary  gamma  ray  attenuation 
Thickness  of  gamma  shielding,  cm 
Thickness  of  neutron  shielding,  cm 
Extrapolation  distance,  cm 

Shielding  diameter  at  the  core  gamma  shield  Interface,  cm 
Shielding  diameter  at  gamma  neutron  shield  Interface,  cm 
Shielding  diameter  at  the  rear  of  the  neutron  shield,  cm 


The  information  printed  out  from  Subroutine  3  Is  as  follows; 

System  performance,  Ibs/KW 
Core  weight 

Weight  of  reactor,  lbs 

Weight  of  neutron  shield,  lbs 

Weight  of  total  shielding  material,  lbs 

Weight  of  the  neutron  shielding  container,  lbs 

Weight  of  the  gamma  shield,  lbs 

Weight  of  the  structure,  lbs 

Watts  per  lb  rating  for  system. 

The  average  running  time  per  case  Is  slightly  over  two  seconds  each. 


REFERENCES 

1.  Schuske,  C.  L.,  and  Bldinger,  G,  H.  ,  ’’An  Empirical  Interpretation 
of  Annuli  Critical  Mass  Data,"  Dow  Chemical  Co.,  RPP-li49, 

(Oct.  1959),  pp.  25-P6. 


3  ^ 


,ions 


XXX  . 


13-?  ”!  * 


iWiFi' 


(S^ystem  for  Power  Generatioi\  With  In- 
Pluid-Cooied  Therv’riv')electric  Elemeotb) 


Routine  SWIFT  ia  an  e valuable n  of  a  nuclear  space  powei  system 
in  which  the  thermoelectric  eiemenc!]  are  located  on  the  outside 
and  in  some  cases  on  the  inside  of  the  reactor  core,  but  the 
heat  is  removed  from  the  elements  via  coolant  loop  and  trans¬ 
ported  to  radiator  elements  located  elsewhere.  The  principal 
components  of  this  system  are  tne  reactor  core,  the  thermo¬ 
electric  elements,  the  reactor  shielding,  the  structure  weight, 
and  the  weight  of  the  radiator.  Routine  SWIFT  consists  of  the 
following: 


1.  Er.--cutive  Routine 

2.  Suoroutine  1  -  generator  and  core  calculacions 

3.  Subroutine  2  -  shielding  calculation 
Subroutine  3  ^  miscellaneous  calculation 

5.  Subroutine  A  -  input  data 

6.  Subroutine  DUMBO  -  external  ear  radiator  fin 
calculation 

7.  Subroutine  6  -  thermoelecti’ic  input  data 

8.  Subroutine  Fxit 

9.  Function  J  (x) 

10.  Function  J,  (x) 

11.  Function  (x) 

12.  Function  Y;  (x). 

X 


Executive  Routine  The  Executive  Routine  calls  the 
other  subroutine.^  in  the  proper  sequence,  controls  the  logic 
flow,  and  dictates  the  printout  of  desired  information. 

Subroutine  6  The  first  subroutine  called.  Subroutine  6, 
dictates  that  the  data  cards  containing  information  on  the 
thermoelectric  elements  be  read  onto  a  scratch  tape.  The  infor¬ 
mation  read  in  consists  of  the  foilov/ing: 


Run  number 

Generatcr  efficiency  in  percent 
Power  produced  per  couple  in  watts 
Cross-sec'cionai  area  of  per  couple  in  sq  cm 
Watts  per  lb 

each.  Element  length  in  cm 

Radiator  temperature,  °K. 


Subroutine  Exit 
are  finished. 


erases  the  scratch  tape  after  the  calculations 


8  ^ 


etation 


Subroutine  4  The  next  subroutine  called  Is  Subroutine  4, 
which  directs  the  Input  of  data.  The  following  data  are  read  in: 

Distance  between  reactor  core  and  payload,  ft 
Diameter  of  payload,  ft 
Density  of  fuel,  gm/cc 
Fuel  atomic  weight 
Fuel  molecular  weight 

Volumetric  thermal  expansion  coefficient  of  fuel,  cc/cc  ®C 
Approximate  core  temperature,  °C 
Control  allowance 

Critical  mass  for  sphere  of  fuel,  gm 
Extrapolation  distance,  cm 
Reflector  savings,  cm 

Power  needed  to  control  the  reactor,  watts 
Fuel  cost,  $  per  gram 

Fission  and  absorption  cross-section  of  fuel,  barns 
Number  of  neutrons  given  off  per  average  fission 
Mission  length,  hrs 

Allowable  neutron  dose  to  payload,  neutrons/cm^ 

Allowable  gamma  ray  dose  to  payload,  Rad 
Neutron  and  gamma  absorption  coefficients  for  neutron 
shielding  material,  cm“^ 

Thickness  of  neutron  shielding  container,  inches 
Neutron  and  gamma  cross-sections  of  neutron  shield 
container,  cm“^ 

Gamma  cross-section  of  fuel,  cm"^ 

Neutron  and  gamma  cross-sections  for  gamma  shielding 
material,  cm“- 

Density  of  shield  container  material,  gm/cc 
Density  of  neutron  shield  material,  gm/cc 
Core  height,  ft 
Run  number 

Electrical  output  of  system,  watts 
Density  of  gamma  shielding  material,  gm/cc 
Ratio  of  core  height  to  diameter. 

Subroutine  1  Next,  Subroutine  1  is  called  to  size  the 
reactor  core  and  generator.  The  core  and  generator  for  SWIFT 
could  have  one  of  three  configurations:  1)  the  elements  could 
all  be  on  the  exterior  of  a  solid  cylindrical  core;  2)  the 
elements  could  all  be  on  the  exterior  of  an  annular  cylindrical 
core;  3)  the  elements  could  be  mounted  on  both  the  exterior 
and  the  interior  of  an  annular  cylindrical  core.  The  procedure 
followed  in  Subroutine  1  is  to  Investigate  the  possibility  of 
placing  all  of  the  elements  on  the  exterior  of  a  solid  cylindrical 
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core.  The  equatlcnr:  used  In  doing  this  consist  of  the  buckling 
equation  and  the  equatlo.ns  which  modify  the  density  of  the  fuel 
materials  for  thermal  volumetric  expansion  and  for  control 
allowance,  as  given  in  Routine  MORSE.  The  core  height  is 
assumed  and  the  radiator  area  available  on  its  exterior  is  cal¬ 
culated.  The  cross-sectional  area  allowed  for  elements  is 
equal  to  the  cross-sectional  area  per  element  times  1.25  to 
allow  for  close  spacing.  The  required  surface  area  Is  computed 
from  equations  1  and  2. 

TWATTE  =  WATOUT  +  WATCON  +  WATTEP  Eq .  1 

RADSFA  =  1.25  (CSACPL)  C TWATTE )/P’.vRCPL  Eq  .  2 

TWATTE  =  total  power  produced,  watts 
WATOUT  =  electrical  output  from  system,  watts 
WATCON  =  electric  power  to  control  reactor,  watts 
V/ATTEP  =  power  required  for  pumping  coolant  through 
system,  watts 

RADSFA  =  radiator  surface  area  required,  cm^ 

CSACPL  =  cross-sectional  areas/couple,  cm^ 

PWRCPL  =  electrical  output/couple,  watts. 

A  constant  factor  of  100  watts  was  used  for  WATCON.  WATTEP  was 
assumed  to  be  5%  of  the  output  from  the  system. 

When  the  element  area  available  on  the  extei’i'n’  of  the  solid 
core  exceeds  that  required,  the  core  height  is  shortened  by  the 
ratio  of  required  surface  area  to  actual  surface  area  and  the 
calculations  are  repeated.  If  the  required  surface  ai’ca 
exceeds  that  available  on  the  exterior  of  the  solid  core,  then 
an  annular  solution  is  tried. 

The  equations  for  annular  reactor  cores  used  are  described  in 
Routine  TIGER.  If  the  radius  of  the  annulus  exceeds  the 
element  length  plus  0.6  centimeter  (radius  of  a  coolant  tube), 
then  elements  can  be  placed  both  on  the  exterior  and  the 
interior  of  the  reactor  core.  If  the  core  inner  radius  is  less 
than  this  figure,  then  elements  ai-e  placed  only  on  the  core 
exterior.  The  fuel  weight,  core  weight,  fuel  cost,  and  weight 
of  thermoelectric  elements  are  calculated  as  in  previous 
routines . 

Subroutine  2  The  shielding  equations  used  for  SWIFT 
are  virtually  identical  with  those  used  for  Routine  TIGER. 
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routine  3  Subroutine  3  calculates  core  weight, 
reactor  weight,  weight  of  gamma  shield,  weight  of  neutron 
shield,  weight  of  shield  container,  total  shield  weight,  and 
weight  of  structure  In  pounds.  The  weight  of  the  structure 
differs  from  the  previous  equations  in  that  the  weight  of  the 
radiator  Is  included  as  a  separate  item.  See  equation  3. 


»  (0.10  DISTCP)  (WTREAC  +  WTRDON 

15  +  WTSHLD  +  WTRAD) 


Eq.  3 


WTSTRT  =  weight  of  structure,  pounds 
DISTCP  =  distance  between  core  and  payload,  ft 
WTREAC  “  v;eight  of  reactor,  pounds 
WTRDGN  =  weight  of  thermoelectric  elements 
exclusive  of  radiator,  pounds 
V.'TSHLD  =  weight  of  shield  components,  pounds 
V/TRAD  »  weight  of  radiator,  pounds. 


( 


The  weight  of  the  reactor  Is  equal  to  the  core  weight  plus  the 
lOO-lo  allowance  for  controls  and  miscellaneous  instruments. 

The  weight  of  the  radiator  is  calculated  from  Subroutine  DUMBO. 

Subroutine  DUMBO  All  the  radiator  area  that  can  be 
placed  between  the  reactor  shielding  and  the  payload  is  mounted 
on  the  surface  of  the  truncated  frustrum  of  a  cone.  Additional 
radiator  area  Is  available  on  the  cylindrical  surface  of  the 
core.  Calculation  of  this  surface  area  using  equations  4,  5 
and  6  Is  dene  to  determine  If  this  amount  of  radiator  area  Is 
sufficient. 


SEP  =  DISTCP  -  (TSHLDN  +  TSHLDO ) 

SIDE  =  [(SEP) 2  +  (PAYDIA  -  DSHLD3)2]l/2 

AREA  =  .  rDSHLD3  ^  2-lHLD3)1  ^ 

L  2 

+  2it  (HEIGHT)  (RADIUS  +  ELLGTH) 


SIDE) 


Eq.  4 
Eq.  5 

Eq .  6 


.SEP 

TSHLDN 

TSHLDG 

SIDE 

DSHLD3 


separation  betv/een  neutron  shield  and 
payload,  cm 

thickness  of  neutron  shield,  cm 
thickness  of  gamma  shield,  cm 
length  of  side  of  frustrum,  cm 
diameter  of  neutron  shield,  cm 
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AREA 


RADIUS 

ELLGTH 

HEIGHT 


=  surface  area  available  for  r?.!oiator 

between  shield  and  payload  and  on  core,  crn^ 
=  radius  of  reactor  core,  cni 
=  element  length,  cm 
=  core  height,  cm. 


Next,  the  radiator  temperature  Is  assumed  tc  be  lO^C  lower 
than  the  cold-junction  temperature  punched  into  the  cards. 
See  equation  ?. 


TRAD  =  TC-10 


TRAD  =  temperature  radiator,  °K 
TC  cold- j unction  temperature  of  thermo¬ 

electric  elements,  °K. 

Next,  the  heat  radiated  by  this  area  is  calculated  using 
equation  8. 

QRAD  =  5.672  x  10-12  (o.88)  (AREA)  (TRAD)** 

QRAD  =  total  amount  of  heat  radiated,  watts. 

j.iSS  is  the  emittance  of  the  radiator  material.  The  amount  of 
neat  which  must  be  radiated  for  the  system  is  calculated  from 
equation  9* 


QREQ 


TWATTE  X  100 
EFPGEN 


Eq 


QREQ  =  heat  which  is  required  to  be  radiated,  watts 
EFFGEN  =  generator  efficiency,  percent. 


Tr.e  tota_ 
AREA 
/olume  of 


radiator  area  require 
-  (  y.Ra.,; ) 

(qrad) 

radial' r  mo*-er':alo  Is 


is  calculated  from  equation 


calculated  from  equation  11. 


10, 

Eq . 


VQL  =  AREA  X 


VOL  = 


radi; 


lume  material,  cc 


*7 

•  f 


.  e 


.  9 


10 


11 
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The  thickness  of  the  rahiatrr  1 


a s -5 n,med  t o  b t  C  -  T;  2 7  cm .  In 
ra-jiator  v?iii  not  fit  in  the  space  between 
the  shielding  and  the  payload,  then  addi-lunal  area  is 
assumed  to  be  avai^-able  cn  two  large,  wlr.g-shaped  projections 
extending  radially  from  the  reactor  cvore.  These  large  proj 


leases  wnere 


both  sides;  hence,  the  volume  c 


lions  can  radiate  heat  from _  _ , 

radiat<^r  material  in  these  projections  is  assum.ed  to  be  only 
0.0635  times  the  radiator  area.  The  weight  of  radiator  Is 
then  calculated  from  equation  12. 


WTRAD  =  VOL  X  8.0 


WTRAL  =  weight  of  radiator,  gm. 

The  specific  gravity  of  the  radiator  material  is  assumed  to  be 
8.0  gms/cc. 

Executive  Routine  The  Executive  Routine  prints  out 
the  following  information  from  Subroutine  1; 

Run  numbers 

Densities  of  fuel,  gm/cc 

Material  with  and  without  thermal  expansion  and  control 
effects,  gm/cc 

Modified  spherical  critical  mass  of  fuel,  gms 
Radius  of  the  spherical  critical  mass,  cm 
Material  buckling 

Height  contribution  to  buckling  of  the  cylinder,  cm-^ 
Cylindrical  radius,  cm 
Core  outside  diameter,  cm 
Radiator  area,  cm^ 

Total  watts  produced  by  system 
Radiator  surface  area  required 

Cylinder  buckling  minus  the  height  contribution,  cm“2 
Core  inside  radius,  cm 

The  quantities  BRi,  BR2 ,  and  constant  used  in  the 
Bessel  equation  solutions 
Core  weight 

Weight  of  thermoelectric  elements 
Fuel  weight 
Fuel  cost 

Watts  required  per  pump 
Cross-sectional  area  per  couple,  cm.^ 

Inner  and  outer  annular  radii,  cm. 
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31:  3  ;  rpt  ion 


T*  h  A  r-  r>  '1  'n  f"  M  +“  r' 


jL  -  u  JL :  1  c  c  ^  :  u 


Atoi.'iS  per  co  of  fue±  in  ’ci’e 
i'.«.  jr^'scopi'-"  css-sect i ons  for  fission  and 
by  fu®!,  barns 

.Irfliilte  rr.ul  tipiicntlon  factor 

Fissions  occurring  per  second 

Total  neutxOr'S  emitted  from  core  per  second 

Total  r.eu'rons  emitted  per  rr.ission 

Required  neutron  attenuation 

Total  gam" a  rays  emitted  per  second 

Total  gamma  rays  emitted  per  mission 

Required  gamma  ray  attenuation 

Thickness  of  gamma  shielding,  cm 

Tiiickness  of  neutron  shielding,  cm 

Extrapolation  distance,  cm 

The  three  shields’  diameters,  cm. 

Calculated  information  printed  cut  frer  Suorvoutine  3  Include 


System;  oerfcrmance ,  ibs/KT 
Wat: /lb  rating 
Core  xeignt 


Vtl  w  —  Wii  U 


of  radiator,  j! 


.’eight  of  r^ 
Wei^:.i  of  rn 


tor,  .lbs 


■  u t  r on  s h ;  e  1  'i ,  b  s 


Total  snielu  v/eighc,  It/.- 
Weight  of  snield  ocr.tairer,  ibs 
Weight  of  gamma  shield.  Ics 
Weight  of  struct- re,  los. 


The  ollcwing  infermarien  is  trinoed  out 


sumimarv  sheet 


Run  number 
V''at  ts /lb 

System  perf<' rr.ances  ,  peunds/KW 

Core  height,  cm 

Diameter  core,  cm 

Element  length,  cm 

Distance  between  core  and  payload. 

Core  weight,  lbs 

Weignt  of  shield,  lbs 

Thickness  of  neutron  shield,  cr' 

Generator  efficiency ,  percent 

Fuel  weight,  lbs 

Fuel  cost,  dclluro 

Core  Inner  radius,  cm 

Radiator  temperature,  °r'.. 


IV.  PRCPFPTY  VALUL.S  USED 


A.  Ge:;^rcl  Procerties 


The  following  general  properties  have  been  selected  or  assumed 
for  use  in  calculations  on  HORSE,  TIGER,  and  SWIFT. 

1 .  System  Parameters 


Payload  diameter  "  3  ft 

Minimum  distance  between  core  and  payload  ~  15  ft 
Mission  life  -  10,vb00  hours 
Control  allowance  -  M  atom  percent 
Maximum  allowable  temperature  drop  through 
system  -  100°P 

Maximum  allowable  log  mean  At  inside  core  -  300°I . 


Reactor  Material  Properties 


Pue  1 

Atomic  weight 
Molecular  weight 
Density  of  fuel 
Spherical  critical  mass 
Thermal  expansion  coefficient 
Gamma  absorption  cross-section 
Fuel  extrapolation  distance 
Fuel  cost 

Reflector  material 
Density  of  reflector 
Allowable  neutron  dose  to 
payload  total 

direct 

scattered 

Allowable  gamma  dose  to 

payload  total 

direct 

scattered 

Average  number  cf  neutrons/ 
fission 

Fission  cross-section 

Neutron  absorption  cross-section 


Dlutonium  carbide 

*239 

251 

13*6  gms/cc 
23,700  gms 
18.9  X  10"®  cc/cc°P 
0.593  cm~^ 

1.5  cm 

$10 . 00/gram 

BeO 

2.8  gm/cc 

1  X  10^3  neutron/ciT.2 
5  X  10^2  neutron/cm^ 
5  X  10^2  neutron/cm^ 

1  X  10"^  rad(c) 

9  X  10®  rad{c) 

1  X  IG®  rad(c) 

2.98 

1.78  barns 
0,153  barns . 


1 1  r.  i  :j  r 


3.  Cooiant  Systeir  Pi-c  p>.- rt  ie^: 


C  i  li-H 

Atorr:ic  wolrh" 

Density 
-pecifi^j  heat 
T-'ierr?:!  conductivity 
Vi ..-  .■s  !  i;/ 

iieutr  or.  -jnc^rpt  i -.n  croc ;; -:iect  .1  cn 
TutiriP  ’catcrl:,.: 

Atorcic  weifiiitt 
Density 

i’eutrcn  ctsorption  coefficient 

Driielding  Properties 

Garsna  shieialng  .taterlai 
Density 

Gamma  absorption  cross-section 
Deutron  removal  cross-section 
t'eutron  shielding  material 
Der.sity 

Gamma  absorption  cross-section 
h’eutron  removal  cross-section 
iieutrori  srilelding  container 
"nicknesG 
Density 

Gamma  ai.scrption  coefficient 
Deutron  ai,  sorption  coefficient 


6 .5‘i 

r  - 


?  P  .  P  '  - 1’  u  /  f*  t .  h  ®  F 

".20  centipolse 

G.030I  barns 

molybdenuti 

95.9b 

iO.2  gm/cc 

0.0  barns. 


derhpted  uranium 
18.7  gm/cc 
0.62  c.m“^ 

0.170  cm“i 

lithium  hydride 
0.710  gm/cc 
0.02i^l  cm’l 
0.110  cm-l 
stainless  sheei 
0.109  Inches 
7.9  gm/cc 
0.279  cm“i 
0.167  cm-^ 


B.  Specific  Pai’amieters 

The  following  specific  parameters  have  been  obtained  by  niean.b 
of  preliminary  calculations  for  use  in  HORSE,  TIGER,  and  SWIFT. 

1.  HORSE 


Reactor  Parameter 


Power  levels 

Coolant  tube  outside  diameter 
Coolant  tube  wall  thickness 
Fluid  velocity 
Reflector  thickness 
Cure  height  (3  HW) 

(30  KW) 

(350  KW) 


3,  30,  and  350  KW 
0.50  Inches 
0.050  inches 
15  feet/sec 
20  cm 

0.60  ft 

0.80  ft 
0.90  ft. 
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Generator  Data 


Element  diameter.  Inches 
Run  number 

Generator  efficiency,  % 
Power/couple,  watts(e) 
Radiator  area/couple,  cm^ 
Watts(e)/lb 
Element  length,  cm 
Radiator  temperature,  ®K 

2.  TIGER 

Reactor  Parameters 

Power  levels 
Core  height  (3  KW) 

(30  KW) 

Generator  Data 

Element  diameter,  Inches 
Run  number 

Thermal  efficiency,  % 
Power/couple,  watts 
Radiator  area/couple,  cm^ 
Watts (e)/lb 
Element  length,  cm 
Radiator  temperature, 

3.  SWIFT 

Reactor  Parameters 

Power  levels 
Core  height  to  diameter 
ratio 


Generator  Data 

Element  diameter.  Inches 
Run  number 

Thermal  efficiency,  % 
Power/oouple ,  watts 


3/16 

3/16 

3/16 

9102 

9048 

9118 

2.52 

4.46 

2.84 

0.331 

0.340 

0.0757 

1.41 

1.64 

0.880 

59.4 

31.8 

6.31 

0.40 

1.00 

2.00 

1023 

873 

1023. 

3,  30  KW 
8.0  ft 
15.0  ft 


3/16 

3/16 

3/16 

9102 

9048 

9118 

2.53 

4.60 

2.85 

0.331 

0.340 

0.0757 

1.40 

1.56 

0.880 

71.1 

50.8 

8.87 

0.40 

l.OO 

2.00 

1023 

873 

1023 

3,  30,  and  350  KW 

6.0  for  3  KW 
5.0  for  30  KW 


3/16  3/16  3/16 

9102  90^48  9118 

2.56  4.66  2.88 

0.331  0.341  0.0757 


Cross-sect ional 


area/coup  le ,  cc!‘ 

0 . 356 

0.356 

0.356 

Watts/ lb 

137.6 

83.0 

Eiecient  length,  err. 

O.i'O 

1.00 

2.00 

Radiator  temperature,  °K 

102  3 

873 

1023. 
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